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To my p a r e n ts
"What is a weed? A plant whose v ir tues  have not y e t  
been discovered."
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ABSTRACT
The mode o f action o f paraquat has been studied w ith p a r t ic u la r  re ­
ference to the roles o f  superoxide and hydrogen peroxide. A 
v a r ie ty  of redox compounds was investigated fo r  an a b i l i t y  to 
mediate ch lorop lastic  oxygen reduction via photosynthetic electron  
transport. In sp iteo f  the r e la t iv e ly  wide range o f chemical types 
studied, most compounds were able to catalyse superoxide and 
hydrogen peroxide formation, but th is  was not in  d ire c t  proportion  
to th e i r  one-electron redox p o ten tia ls .  The most ac t ive  compounds 
were also shown to stim ulate  oxygen uptake in iso la ted  asparagus 
mesophyll c e l ls  and in a whole plant screen, produced phytotoxic  
symptoms reminiscent of paraquat treatment.
The ro le  of superoxide in the herbicidal action of paraquat in  
f la x  cotyledons was investigated using penicillam ine-copper com­
plex (PA-Cu) which possessed superoxide dismutase (SOD) a c t iv i t y .  
Paraquat-induced chlorophyll and carotenoid pigment breakdown 
were in h ib ited  by PA-Cu. The evolution of ethane, as an in d ic a to r  
of herbicide induced membrane l ip id  peroxidation was in h ib ited  
by the complex and correlated w ith ch loroplast f a t t y  acid levels  
notably l in o le n ic  ac id , iso lated  from treated  cotyledons. S im ila r ly ,  
u ltra s tru c tu ra l  examination revealed th a t  c e l lu la r  damage was 
markedly reduced by PA-Cu. These results  indicated tha t  the para­
quat s tim ulation  o f  superoxide production was o f  major importance 
in the herbic idal action o f  the compound.
The simple hydrocarbons ethylene and ethane are produced 
during wounding and l ip id  peroxidative reactions respective ly
I V,
and active  oxygen species are believed to  be involved in  both the 
biosynthetic  pathways. A series o f  model reactions showed th a t  
ethylene production from methionine and pyridoxal phosphate was 
promoted by SOD, PA-Cu and ferredoxin ,bu t was in h ib ited  by cata -  
lase and paraquat. In contrast, ethane formation was stimulated  
by a - l in o le n ic  ac id , paraquat and DCMU, but was in h ib ited  by 
SOD, PA-Cu and the carotenoid, crocin. The resu lts  indicated  
th a t  ethylene and ethane were formed v ia  d i f f e r e n t  b iosynthetic  
pathways. The mechanism of production o f ethylene appeared to  
involve hydrogen peroxide, whereas ethane formation required  
superoxide and/or s in g le t  oxygen.
A study of the mechanism of resistance o f  a biotype o f Conyza
l in e f o l ia  to paraquat showed th a t  tolerance was not based on reduced
uptake of the herb ic ide. A comparison of the SOD enzymes showed
tha t the paraquat re s is ta n t  b.iotype possessed almost three times
the amount of SOD found in susceptible p lants. This was shown to
be due a t leas t  in p a r t ,  to the add itional presence of two
cyan ide-insensitive  isozymes in the re s is ta n t  p lan t.  CO f ix a t io n
2
in the re s is ta n t  biotype was stimulated on prolonged incubation  
with paraquat. A mechanism o f  herbicide resistance is proposed 
based on a decreased reduction o f  paraquat by the ch loroplast  
which could account fo r  the observed differences in CÔ  f ix a t io n  
and SOD leve ls  between the biotypes.
In summary, superoxide would appear to occupy a central ro le  in 
the herbic idal action of paraquat, but th is  does not preclude the 
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INTRODUCTION
1. PHOTOSYNTHESIS
Photosynthesis is  the mechanism by which so lar energy is  used to
reduce carbon dioxide resu lt ing  in the formation of sugars and
eventually a great range o f b io lo g ica l molecules. The to ta l
amount of so la r  energy reaching the earth is 3 x-lO^^J per annum,
20compared with the world energy expenditure of 10 J. Conventional 
methods o f  a g r ic u ltu re  y ie ld  about 3% maximum conversion e f f i ­
ciency, thus in theory, 0 . 1% of the ea rth 's  surface could provide  
by photosynthesis, the to ta l  energy required by the world. I t  is  
c le a r  th a t  photosynthesis is  a process o f fundamental importance 
to a l l  forms o f l i f e ,  which is  re f le c te d  in the considerable  
in te re s t  th a t  has been shown in the subject over the past few 
decades.
1.1 Discovery of Photosynthesis
The process of photosynthesis was demonstrated in a number of  
empirical s tudies, during the eighteenth and nineteenth centuries  
However, i t  was not u n t i l  the 1930 's th a t  H i l l  succeeded in  iso ­
la t in g  chloroplasts which were able to reduce a r t i f i c i a l  e lectron  
acceptors ( H i l l ,  1937, 1939), thus laying the foundations fo r  
the present knowledge of photosynthesis. In the intervening  
years since H i l l ' s  i n i t i a l  observations, chloroplast is o la t io n  
procedures have g rea t ly  improved and i t  is now known th a t  the 
e n t ire  photosynthetic process occurs in th is  organelle . Photo­
synthesis is instiga ted  by the photolysis o f water which forms 
oxygen. The reducing power derived from th is  reaction is used 
to generate ATP and NADPH which are required as cofactors in
the reduction o f COg. The absorption o f l ig h t  and a l l  processes 
leading to  the formation o f  NADPH occur in the thylakoid  
lam ellae , whereas the subsequent reactions of COg ass im ila t ion  
are confined to the ch loroplast stroma.
1.2 Primary Processes and Electron Transport
Various models have been proposed to account fo r  the re la t io n sh ip  
between l ig h t  absorption, e lectron transport and the formation  
of ATP and NADPH. However, the most widely accepted scheme is 
tha t based on the concept of H i l l  and Bendall (1960), which 
requires two photosystems operating in ser ies , separated by a 
sequence o f redox compounds arranged in order o f decreasing 
e le c tro n e g a tiv i ty  (T rebst, 1974; Radmer and Kok, 1975). This 
model is  generally  referred  to  as the "Z-scheme" and is shown 
in Fig. 1 .1 .  The two photosystems are each composed of photo­
chemical ly  ac t ive  pigment protein complexes, which are membrane- 
bound and maintained in a p a r t ic u la r  o r ien ta tio n  (Bolton, 1977; 
W illiam s, 1977). The l ig h t  harvesting pigment protein  complexes 
of PSII absorb incident l ig h t  and a migration of e x c ita t io n  
energy occurs through several hundred chlorophyll a molecules 
to a reaction centre P680, composed o f a chi a dimer maintained 
in a specialised environment (Golbeck, Lien and San P ie tro ,  1977), 
The exc ita t io n  energy causes a charge separation o f the reaction  
centre pigment molecules, which leads to  a reduction of the 
primary acceptor Q (E^ = -O . IV )  and the formation of an oxidant 
































A s im ila r  process of l ig h t  absorption resu lt in g  in pigment charge 
separation and reduction o f a primary acceptor occurs a t  PSI.
The reaction  centre o f  PSI is  known to  be composed o f a d i f f ­
erent type o f  ch lo rophy lla ,  P700, but the nature of X, the  
primary acceptor of PSI (E^ = -0 .55V ) is  s t i l l  a m atter of  
controversy (see Golbeck et , 1977). The reduction of 
oxidised P700 is accomplished by e lectrons derived from PSII 
photoreactions. The primary acceptor X, is  oxidided by the  
non-haem iron p ro te in ,  ferredoxin  which then reduces NADP via  
the FAD f lavopro te in  ferredoxin-NADP-reductase.
1.3 A r t i f i c i a l  Electron Donors, Acceptors and In h ib ito rs
The use of a r t i f i c i a l  e lectron donors, acceptors and in h ib ito rs  
has been a major fa c to r  in the e lu c id a t io n  o f photosynthetic 
electron transport. This biochemical approach has permitted the 
study o f parts o f  the chain in is o la t io n ,  in order to determine 
the nature and sequence of ind iv idu a l components. F ig . 1.2  
summarises the s ite s  o f  in te ra c t io n  o f exogenous compounds with  
photosynthetic electron transport.
The m ajority  o f in h ib ito rs  are kliown to  act a t  or near PSII 
( Izawa, 1977), e i th e r  by preventing the oxidation o f water 
e.g . hydroxylamine,Tris-washing (Bennoun and J o l i e t ,  1969; 
E ls tn er, Heupel and Vaklinova, 1970a; Yamashita and B u t le r ,  1968, 
1969), or by blocking the passage o f  electrons from PSII eg.
DCMU (Duysens and Sweers,' 1963). During the la s t  decade, 
antagonists o f plastoquinone have gained prominence, notably  






























allows reactions of each to be studied (T rebst,  Harth and Draber, 
1970; Trebst, 1972). Other e lectron transport in h ib ito rs  are 
known to  act between plastoqiiinone and cytochrome f  e .g .  EDAC 
(U ribe , 1972; McCarty, 1974), a t  or near plastocyanin e.g.  
HgClg^KCN (Kimimura and Katoh, 1972; Ouitrakul and *Izawa,1973; 
Izawa, Kraayenhof, Ruuge and De V a u lt ,  1973) and in  the region 
o f ferredoxin  (d isa licy lid en e -d iam in es )(T reb s t and Burba, 1967; 
Ben-Amotz and Avron, 1972).
Electron donation to PSII by a r t i f i c i a l  redox compounds may be 
complicated by the fa c t  tha t some donors are also oxidised by 
PS I (Hauska, 1977). However, DPC and hydroquinone have been 
used to donate electrons to PSII in Tris-washed chloroplasts  
(Vernon and Shaw, 1969; Yamashita and B u tle r ,  1969). Most 
investigations of electron donation to  PSI have been made in the 
presence o f  DCMU. Ascorbate has often  been used as the electron  
donor, but i t  is  generally  unable to traverse  the thylakoid  
membrane and so mediators such as DCPIP (Vernon and Zaugg,
1960) o-substitu ted p-phenylenediamines are required (Trebst,  
1974). The choice o f  c a ta lys t  is  important as some systems, 
such as DAD/ascorbate, are coupled to phosphorylation, whereas 
others e .g . TMPD/ascorbate, do not re s u lt  in ATP formation.
The capacity of donors to  cause phosphorylation is dependent 
on th e i r  a b i l i t y  to lose protons upon oxidation on the inner 
side o f  the thylakoid membrane (Hauska, Trebst and Draber,
1973; Hauska, Oettmeier,Reimer and Trebst, 1975).
Early studies showed th a t  reactions of a r t i f i c i a l  acceptors such 
as fe rr icyan id e  involved only PSII (Rumberg e t , 1965;
Avron and Ben-Hayyim, 1969), but more recently  PSI has been im p li ­
cated (Bohme, Reimer and Trebst, 1971). In genera l,  PSII 
acceptors are l ip o p h i l i c ,  while those o f  PSI are hydroph ilic .
Many classes o f compound are known to accept e lectrons from PSI. 
These include qui nones, té trazo lium  s a l ts ,  b ip y r id y ls  and 
various dyes (see Hauska, 1 9 7 7 ) . :  Some compounds are able to 
accept and donate e lec trons , thereby causing a c y c lic  e lectron  
flow around PSI. Phenazine der iva t ives  and naphthoquinones 
are examples o f  th is  type o f  compound, which also e f fe c t  cyc lic  
phosphorylation (Jagendorf and Avron, 1958; Hauska, 1977).
1.4 Photophosphorylation
Since the discovery of photophosphorylation in chloroplasts by 
Arnon, Whatley and A llen (1954 ),  there has been a considerable  
controversy regarding the number and nature of phosphorylating  
s ite s .  In l in e a r  e lectron  transport from water to  NADP, i t  is  
probable th a t  two energy conserving s ites  e x is t ;  one coupled 
to the oxygen evolving side o f  PSII and the other s ituated between 
plastoquinone and cytochrome f  (H a l l ,  1976; Jagendorf, 1977).
The postulation o f  two s ites  o f  phosphorylation or ig ina ted  from 
stoichiom etric  studies o f the ATP/2e r a t io .  This is  now known 
to be very sen s it ive  to the ch loroplast is o la t io n  procedure and 
the value appears to l i e  between 1.3 and 2 .0  (Winget, Izawa and 
Good, 1965; Reeves and H a l l ,  1973; H a l l ,  1976). Evidence fo r  
two s ites  has been derived from experiments with various  
a r t i f i c i a l  electron donors, acceptors and in h ib i to r s ,  notably 
DBMIB. A cyc lic  photophosphorylation around PSI has been demon­
strated in isolated ch lorop lasts , in the presence o f  such compounds 
as PMS (see Arnon, 1977), but the physio logical s ign ificance of 
th is  has not been conclusively established.
The mechanism o f photophosphorylation has been the subject of 
considerable debate, although one model is  generally  regarded as 
being close to the in vivo s i tu a t io n .  One hypothesis predicts  
the formation o f a chemical in term ediate derived from electron  
c a rr ie rs  and enzymes or substrates o f  the phosphorylation reaction  
(S la te r ,  1953; Chance and W illiam s, 1956). Oxidation of the 
complex is believed to produce a high energy in term ed iate  which 
is  used to form the anhydro bond o f ATP. Another proposal 
(Boyer, 1965, 1974) explains energy t ra n s fe r  in terms of conform­
ational changes of phosphorylation enzymes and membrane components. 
Neither o f these hypotheses are supported by any convincing 
evidence, unlike the chemiosmotic theory advanced by M itchell  
(1963, 1966, 1974), which is based on the establishment of a 
pH gradient across the thylakoid membrane. This presupposes 
an asymmetrical arrangement o f  e lectron c a rr ie rs  w ith in  the 
thylakoid membrane so th a t  e lectron  transport causes a vec tor ia l  
proton movement, leading to a pH decrease of the in tra th y lako id  
ppace. The coupling membrane is assumed to be r e la t iv e ly  
impermeable to protons except at ce r ta in  s i te s .  These are known 
as coupling fac to r  1 (CF-j) and are e s s e n t ia l ly  v e c to r ia l ly  alighed  
ATPases. These permit contro lled  d iss ipa t ion  o f the proton 
gradient and lead to ATP formation (F ig . 1 .3 ) .  The stim ulation  
of e lectron transport rates by uncouplers is  due to membrane 
leakage resu lting  in uncontrolled d iss ipation  of the proton 
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Oxygen is evolved during photosynthesis according to the simple 
redox equation (Eqn 1)
ZHgO. ------------------  + 4e ' + 0„ (1)
However, l i t t l e  can be discerned from th is  equation regarding 
the mechanism of the photosynthetic oxidation of water. I t  is 
known tha t  in addition to P680, a primary donor Z and a secondary 
donor are involved (J o l io t  and Kok, 1975). is a charge
accumulating, oxygen evolving enzyme. The flow of electrons in 
PSII is shown in Fig. 1 .4 . accumulates four oxidising  
equivalents which are then used to rap id ly  decompose two mole­
cules of water. Manganese is essentia l fo r  oxygen evolution  
and appears to be associated with a read ily  denatured protein  
(J o l io t  and Kok, 1975; Lawrence and Sawyer, 1978). However, 
manganese is not required fo r  photooxidations of donors other 
than water. Chloride ions also play a ro le  in oxygen evolution.
1.6 COg F ixation
The pathway by which Cg plants incorporate COg and subsequently 
reduce i t  to carbohydrate was discovered by Calvin and co­
workers at Berkeley during the period 1946-1953. Their success 
was due in p a rt ,  to the newly ava ilab le  isotope ^^C, which 
permitted the pathways of incorporated COg to be followed,  
and also to the recent advent of two dimensional paper 
chromatography.
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Fig. 1.5 Calvin Cycle
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of ribulose 1 , 5-diphosphate (RuDP) a t the C-2 pos it ion . The 
enzyme responsible fo r  th is  reac tion , RuDP carboxylase is  
abundant in leaves, comprising about h a l f  the to ta l  soluble  
lea f  pro te in  (Akazawa, 1970) arid can act both as a carboxylase 
and as an oxygenase. This l a t t e r  a c t i v i t y  may be the mechanism 
of phosphoglycolate fo r  the process o f  photorespiration . Following 
the carboxylase a c t iv i t y  o f th is  enzyme, the interm ediate  
is h y d ro ly t ic a l ly  cleaved to form two molecules o f  phospho- 
glycerate (3-PGA). ATP and NADPH generated by e lectron transport  
ere then u t i l is e d  in the phosphorylation and reduction o f 3-PGA 
to form t r io s e  phosphate. The condensation of these compounds 
followed by phosphatase action resu lts  in the formation of 
fructose 6 -phosphate. The f in a l  sequence o f  reactions consists  
of isom érisations, condensations and rearrangements which 
eventually  resu lts  in the regeneration o f  RuDP. The Calvin  
cycle is  shown in Fig. 1 .5 .
Since the e luc ida t ion  of the basic COg reduction pathway, plants  
with va r ia t io n s  have been discovered ( in  p a r t ic u la r  photo­
synthesis) and the knowledge concerning the regu la tion  o f  these 
reactions has g re a t ly  increased (see Bassham, 1977).
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2. BIPYRIDYL HERBICIDES
The herbicidal a c t iv i t y  o f the b ip y r id y l  compounds was f i r s t  
discovered in 1955 by ICI (CaTderbank, 1968), although they 
had previously been used as redox in d ic a to rs .  I t  was shown 
by Michael is and H i l l  (1933)’. th a t  the add it ion  of one electron  
to these compounds produced highly coloured f re e  ra d ic a ls ,  
which were stable in the absence o f oxygen.
These compounds are used as contact herbicides and lead to a
rapid loss of colour and desiccation of green plant tissue upon
il lu m in a tio n  (Dodge, 1971). Non-photosynthetic tissues is k i l le d
only slowly by the b ipyridy l herbicides and l ig h t  has no e f fe c t  
(Mees, 1960), ind icating  th a t  although these compounds possess 
an a c t iv i t y  not connected with photosynthesis, th is  is of very 
secondary importance compared to the main e f fe c t  (C orbett,  1974).
2.1 S ite  of Action
Early studies showed th a t  the s i te  o f  action o f  the b ipyridy ls  
was qu ite  d is t in c t  from th a t  o f  the photosynthetic in h ib i to r  
herbicides, CMU and DCMU. These l a t t e r  compounds were shown 
to in h ib i t  photophosphorylation, NADP reduction and f e r r i ­
cyanide reduction in iso lated  ch lorop lasts , suggesting that  
th e i r  s i te  of action was a t or near the primary acceptor of  
PSII (see Fig. 1 .2 ) .  By con trast, the b ip y r id y ls  do not . . 
in h ib i t  photophosphorylation or fe rr ic y a n id e  reduction, but 
NADP reduction is decreased as a function  o f the herbicide  
concentration (Zweig, Shavit and Avron, 1965). This suggests 
that the b ipyridyls  compete fo r  electrons emanating from the
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primary acceptor o f PSI (Van Rensen,.1969 ).  The photoreduction 
of the b ip y r id y ls  has been demonstrated in i llum inated  chloro­
plasts (Zweig and Avron, 1965; Zweig e t  1965; Kok, 
Rurainski and Owens, 1965; Black, 1966). PSI is  believed to 
generate a reducing potentia l o f  -0 .5V  (Golbeck e t  ^ . , 1977) 
and is thus the only photosystem capable of reducing the  
b ip y r id y ls .
2 .2  Mechanism o f Action
The ea r ly  investigations of MeeS (1960) and Homer, Mees and 
Tomlinson (1960) provided a valuable in s ig h t  to key features  
in the mode o f action of these herbic ides. Light and oxygen 
are both essentia l fo r  the to x ic  e f fe c t  and a f te r  the demons­
t ra t io n  th a t  reduced diquat was immediately reoxidised by 
molecular oxygen to form hydrogen peroxide (Davenport, 1963), 
i t  was proposed that th is  was the tox ic  species (Calderbank, 
19.64, 1968).
One o f  the f i r s t  visual signs o f  paraquat treatment is a 
breakdown of membranes, p a r t ic u la r ly  the tonoplast and plasma- 
lenma (H arr is  and Dodge, 1972a)V which is  accompanied by the 
gradual formation of malondialdehyde (Baldwin, Harr is  and 
Dodge, 1968; Harris and Dodge, 1972b). This product is  believed  
to a r ise  from the breakdown of unsaturated f a t t y  acid hydro­
peroxides, instiga ted  by the abs trac tion  of hydrogen, mediated 
by f re e  ra d ic a ls .  Pulse r a d io ly t ic  studies have shown that
the paraquat radical decays rap id ly  in the presence o f
8 - 1 - 1oxygen (k = 7.7 x 10 M s ) and is thus an u n l ik e ly  candidate
lu
as the agent d i r e c t ly  responsible fo r  causing l ip id  peroxidation  
(Farrington, Ebert, Land and F le tcher, 1973). I t  is  more l i k e ly  
that free  rad icals  of oxygen are the species which a ttack  
membrane l ip id s  (Van Rensen, 1975). In th is  way, the paraquat 
ion is  regenerated and can act c a t a ly t ic a l ly  in a series o f  
reactions (Eqns 2 -8) (Farrington ^ t  a^ . ,  1973).
pq2+ + e ------—  PQ' + ( 2 )
PQ- + + "p —  pcf+ + (3)
PQ- + + 0 , - —  pcf+ + (4)
o / ' + 2 H+ —  H2 O2 (5)
PQ' + + + oh" + OH' ( 6 )
PQ' + + OH" ------ + OH" (7)
oh" + -"H g O ( 8 )
Each of the oxygen rad icals  formed by these reactions has been 
proposed as the in s t ig a t iv e  species of l ip id  peroxidation reactions  
(Harris  and Dodge, 1972b; Farrington e t , 1973; Dodge,
1975). The plant c e l l  possesses a range of complex defence 
mechanisms to deal with ac t ive  oxygen species, esp ec ia lly  super­
oxide and hydrogen peroxide, but i t  has been proposed th a t  these 
may only be s u f f ic ie n t  under normal conditions (Calderbank,
1968; Dodge, 1977) and th a t  the increased radical production  
due to herbicidal action may swamp these p ro tective  devices.
The i n i t i a l  damage to certa in  membranes a f te r  paraquat treatment  
is followed by a progressive breakdown of ce l l  organelles  
(H arris  and Dodge, 1972a). I t  is proposed tha t  d isruption of  
the tonoplast would re s u lt  in the release o f to x ic  waste ' 
products, especia lly  those o f an acid ic  nature which would 
d r a s t i c a l l y  a l t e r  the pH and osmot ic p o te n t ia l  o f  the cytoplasm
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(Dodge, 1975). The loss of chlorpphyll arid other pigments is  
assumed to occur via photooxidative processes.
2.3 S tru c tu re -A c t iv ity  Relationships o f the B ipyridyls
I t  has been in fe rred  in the preceding section tha t the herb i­
cidal a c t iv i t y  o f the b ip yr id y ls  is  dependent upon the ca tion ic  
part o f the compound. The basic feature  o f the b ip y r id y l  
herbicides is  th a t  they can be re a d ily  reduced to a water 
soluble f re e  radical by the add it ion  of one e lec tron . These 
can then undergo autoxidation with dioxygen (molecular oxygen), 
reforming the cation and concomitantly reducing oxygen. The 
ease o f reduction by PSI in chloroplasts is corre la ted  with  
herb ic idal a c t iv i t y  and is  confined to compounds with redox 
potentia ls  o f between -0 .3 v  and -0 .5 v .  I t  has been observed 
(B rian , 1965) th a t  herb ic idal a c t iv i t y  is  r e la t iv e ly  independent 
of f in e  structure  and stereochemistry. However, there is a 
requirement fo r  the two pyrid ine rings to l i e  in the same plane, 
so th a t  the odd e lectron  o f the cation radical can be delocalised  
over a l l  positions o f  the r ing  system (Summers, 1979). These 
features imply th a t  the b ip y r id y ls  do not bind to  a sp ec if ic  
s i te  in the ch lo rop las t,  although t h e i r  mode of action requires  
tha t they be close to  the primary acceptor of PSI, in order to  
compete favourably with ferredoxin  fo r  electrons.
CHEMICAL AND BIOCHEMICAL CONSIDERATIONS OF OXYGEN
3.1 Properties of Dioxygen
Molecular oxygen or dioxygen exists  in the ground s ta te  as a
t r i p l e t  (^^g) and so the dioxygen molecule is  co rre c t ly  
represented as -O-O* and not 0=0. Thus, the 0-0 bond may 
be v isua lised  as one sigma bond and one it bond. The two 
unpaired electrons of the d irad ica l possess the same spin 
quantum number and so occupy d i f fe r e n t  2 pwg* anti bonding 
o rb ita ls  (F ig . 1 .6 ) .  Ground sta te  dioxygen is  r e la t iv e ly  
unreactive towards b io logical molecules and th is  is due to a 
spin r e s t r ic t io n  encountered when t r i p l e t  dioxygen reacts with  
a s in g le t  s ta te  substrate to form s in g le t  products (Taube, 1965; 
Hamilton, 1974). This spin r e s t r ic t io n  may be circumvented by 
a reaction mechanism involving free  rad icals  (U r i ,1 9 6 2 ) ,  as 
follows:
X' + RH----------«-R* + XH (9)
R* + Og----------^ROg' (10)
ROg + RH ►ROOH + R’ (11)
There are two other ways in which the two electrons can be
placed in the 2png* o rb ita ls  (F ig . 1 .6 ) and these account fo r  
the two excited states o f dioxygen: ^Ag and which are
both s in g le ts . There is  no evidence tha t the ^ e x c i t e d  
sta te  is generated in b io logical systems (Foote, 1976;
Krinsky, 1977). The d ire c t  decay of the two s in g le t  excited  
states to the ^Ê  ground s ta te  is forbidden and thus accounts 











































excited states o f  o ther molecules which can decay v ia  allowed 
t ra n s it io n s .
3.2 Reduction o f  Oxygen -
The mechanism of the reduction o f dioxygen is determined by the 
occupancy of i t s  molecular o r b i ta ls .  D irec t  d iva len t reduction  
is forbidden as th is  would re s u lt  in a molecular o rb i ta l  being 
occupied by two electrons of p a ra l le l  spin. This spin re s t r ic t io n  
may be overcome in three ways. In the f i r s t ,  the conversion of 
the s ta te  to e i th e r  o f  the two excited s in g le t  s tates would 
resu lt  in the spin inversion o f an e le c tro n , which would then 
allow conventional reduction to occur. The second p o s s ib i l i t y  
involves complexing dioxygen to a t ra n s i t io n  metal w ith  unpaired 
electrons (Hamilton, 1969). Under these circumstances, the 
complex can accept a p a ir  of electrons and oxygen is reduced by 
an ion ic mechanism. The th ird  so lution  avoids the spin res­
t r i c t io n  by the formation o f f re e  rad ica ls  in the un iva len t  
reduction o f  oxygen. The complete reduction of dioxygen to 
water requires four electrons and thus the univalent mechanism 
in e v ita b ly  involves intermediates (F ig . 1 .7 ) .  A l l  these p a r t ia l l y  
reduced species are more reac tive  than e i th e r  o f  the f u l l y  
oxidised or reduced forms o f  oxygen and there fo re  present a 
potentia l hazard wherever un iva lent oxygen reduction occurs in 
biochemical systems. These intermediates w i l l  be considered 
in d iv id u a lly  with special reference to th e i r  occurrence in  
b io log ica l systems and the p ro tec t ive  mechanisms that have been 



























3 . 3  P r o d u c t i o n  o f  S u p e r o x i d e
The univalent reduction o f oxygen gives r is e  to the hydroperoxy 
ra d ic a l ,  HÔ * or i ts  conjugate base, superoxide O^". Most of  
the known properties o f  th is  rad ica l have been derived from '
studies which generated the species in  high concentrations and 
allowed rapid investiga tion  o f  the decay process. Such methods 
include f lash  photolysis (Baxendale, 1962; Hayon and McGarvey, 
1967), pulse rad io lys is  (Behar, Czapski and Duchovny, 1970;
Biel ski and Sa ito , 1971; Czapski, 1971) and fa s t  flow rad io lys is  
techniques (B ie lsk i and Gebicki, 1977; B ie lsk i and R ichter,  
1977).
The redox potentia l fo r  the Og/Og couple has been determined as 
-0.16V (Wood, 1974; Sawada, lyanagi and Yamazaki, 1975; Meisel 
and Czapski, 1975; I la n ,  Czapski and M eise l, 1976). This 
value has important consequences fo r  b io lo g ica l systems where 
numerous compounds possess p o ten tia ls  more negative than -0.16V  
and thus th e o re t ic a l ly  could reduce oxygen to superoxide. The 
generation of superoxide has been demonstrated in  a wide range 
of b io log ica l systems ( fo r  a review see, McCord, Crapo and 
Fridovich, 1977 and other papers in the same proceedings).
Many enzymes are capable of producing the rad ical and these 
include xanthine oxidase (McCord and Fr idov ich , 1968, 1969; 
Fridovich , 1970; Fridovich and Handler, 1962), aldehyde 
oxidase (Rajagopalan, Fridovich and Handler, 1962; Rajagopalan 
and Handler, 196^ and f lavopro te in  dehydrogenases (Massey e t a l . ,  
1969; Rich and Bonner, 1978). The essentia l processes of 
resp ira t io n  and photosynthesis are known to  be capable o f  
generating superoxide. The e lectron c a rr ie rs  of resp ira t ion
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are arranged so th a t  only the terminal, component is  d i r e c t ly  ex­
posed to  dioxygen. Nevertheless, un iva len t oxygen reduction  
s t i l l  occurs both in v i t r o  (Flohe, Loschen, Azzi and R ichter,  
.1977; Loschen, Flohe and Chance, 1972; Boveris and Cadenas, 
197.5; Boveris, Oschinp and Chance, 1972) and in vivo (Nohl 
and Hegner, 1978). I t  appears th a t  the un iva len t reduction o f :  
oxygen by mitochondria is  mediated by cytochrome b^g^ (Erecinska; 
Veech and Wilson, 1974; Wilson, Koppelman, Erecinska and Dutton, 
1971) and not cytochrome oxidase (Rich and Bonner, 1978).
Iso lated  chloroplast lamellae were shown to produce superoxide
by A llen and Hall (1973), Asada and Kiso (1973a, b ) ,  E lstner
and Kramer (1973) and Epel and Neumann (1973). I t  is  now known
th a t  oxygen reduction occurs both in in ta c t  chloroplasts (Egneus,
Heber, Matthiesen and K irk , 1975; K a is e r ,1976) and in vivo
(Patterson and Myers, 1973; Radmer and Kok, 1976). Experiments 
18with Og and in ta c t  algae have shown th a t  PSI catalysed oxygen 
reduction occurs under physiological conditions and th a t  super­
oxide is  not an a r te fa c t  of ch loroplast is o la t io n  procedures 
(G lidewell and Raven, 1975; Radmer and Kok, 1976). The s i te  
of superoxide production has been established as the reducing 
side of PSI (Asada, Kiso and Yoshikawa, 1974; M i l l e r  and . 
Macdowell, 1975) and i t  is  believed to  be formed during the 
autoxidation o f  low potentia l e lectron acceptors such as f e r r e ­
doxin (Misra and Fridovich, 1971; A l le n ,  1975), the bound iro n -  
sulphur protein  P-430, which is  thought to be the primary 
acceptor o f  PSI (Ke, 1973) and FMN (Misra and Fridovich , 1972). 
Oxygen reduction has been demonstrated to occur in iso lated  
chloroplast lamellae when about 80% of the NADP pool is  in the
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reduced form (E ls tner and Heupel, 1973; E ls tn e r ,  S ta f fe r  and 
Heupel, 1975). This is consistent with the observation that  
iso la ted  chloroplasts take up oxygen in the absence o f  pseudo- 
cyc lic  acceptors, resu lting  in the formation o f  (Mehler,
1951 a ,b ; Mehler and Brown, 1952; Whitehouse, Ludwig and Walker, 
1971) . The ra te  of oxygen uptake is stim ulated by the addition  
of various autoxidisable e lectron  acceptors such as dyes, f la v in  
d er iva t iv es  and b ipyridy ls  (Good and H i l l ,  1955). There is  
evidence th a t  superoxide may also be produced during the decompo­
s i t io n  o f l in o le ic  acid hydroperoxide (Yamashoji, Yoshida and 
Kajimoto, 1979). thus, il lum inated  chloroplasts in  v i t r o  and in 
vivo are an important biochemical source of superoxide with 
perhaps up to 10% of electron transport being d iverted  to  the 
reduction o f oxygen (Asada, Takahashi, Tanaka and Nakano, 1977).
3 .3 .1  R e ac tiv ity  of Superoxide
The rad ica l nature of superoxide permits i t  to  in te ra c t  with a 
v a r ie ty  o f compounds; the ease o f  reaction  being determined by 
i t s  anionic character and redox p o te n t ia l .  The pK  ̂ of the 
weak acid HÔ  is  4 .8  (Rabani and Nielson, 1969; Behar,
Czapski, Rabani, Dorfman and Schwartz, 1970) and there fo re  at  
physiological pH values, the rad ica l w i l l  be present as the 
superoxide anion. Superoxide has been shown to react with  
numerous b io logical m ateria ls and thus i t s  presence could have 
serious consequences fo r  the c e l l .  I t  can react with proteins  
(Koppenol, 1976), espec ia lly  those containing sulphydryl groups 
(F r ido v ich , 1974a). This is consistent with the observation that
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th io ls  could scavenge superoxide (M isra , 1974; Asada and 
Kanematsu, 1976). Ribonuclease has also been shown to be 
in h ib ited  by superoxide (Malmstromm, Andreasson and Reinhammer, 
1 9 7 5 ) . - ' .
P a r t ic u la r  in te re s t  has been focused on the ro le  of superoxide 
in the peroxidation of l ip id s  which eventually  resu lts  in membrane 
d isruption  (Fee and Teitelbaum, 1972; Pederson and Aust, 1972, 
1973; Zimmerman, Flohe, Weser and Hartmann, 1973). Superoxide 
is a r e la t iv e ly  stable radical and does not possess s u f f ic ie n t  
energy to abstract a l l y l i c  hydrogen atoms necessary fo r  the 
i n i t i a t i o n  of l ip id  peroxidation (Pryor, 1978; Bors, Michel and 
Sa ran, 1979a). However, i t  would appear to be involved in l ip id  
peroxidation , perhaps through an a b i l i t y  to  generate more toxic  
species. The hydroxyl radical OH* has been invoked by McCay and 
coworkers as the oxid is ing species (King, Lai and McCay, 1975; 
Fong, McCay, Poyer, Keele and M isra , 1973), whereas other  
groups believe s in g le t  oxygen, to be the agent responsible  
(Kellogg and Fridovich , 1975; Pederson and Aust, 1973, 1975).
The mechanism o f  generation of these more reac tive  species is  
s t i l l  a m atter of some controversy centred around the Haber- 
Weiss reaction  (Haber and WeisSi_1934) and w i l l  be discussed 
fu r th e r  in the re levant sections.
Superoxide has also been implicated in hydroxylation reactions  
( H a l l iw e l l ,  1977), ethylene production and in su lph ite  oxidation  
(see Fridovich , 1974b).
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3 . 3 . 2  D e t e c t i o n  o f  S u p e r o x i d e
D irec t  and unequivocal detection of superoxide is  l im ite d  to  
physical•methods such as UV absorption (Czapski, 1971) and esr  
measurements (Knowles, Gibson, Pick and Bray, 1969), o ften  
coupled w ith spin trapping techniques (Harbour, Chew and Bolton, 
1974; Harbour and Bolton, 1975). In general, these procedures 
are of l im ite d  value w ith  b io log ical m ateria l due to t h e i r  lack  
of s e n s i t iv i ty  (F r ido v ich , 1976) and the problems associated  
with in te r fe r in g  substances. Most biochemical methods trap  
superoxide in dependent reactions tha t  can be followed o p t ic a l ly ,  
manometrically or po larograph ica lly . The concentration of the  
substrate is  such th a t  i t  competes favourably with the dismutation  
reaction so th a t  a l l  superoxide produced is  detected. During 
the la s t  decade, many biochemical assays of th is  type have been 
developed (see McCord, Crapo and Fridovich , 1977 fo r  a rev iew ).
Of these the most widely used are the autoxidation of epinephrine  
(Misra and F r idov ich , 1972b; Asada and Kiso, 1973), the reduction  
of ferricytochrome c (McCord and Fridovich , 1968, 1969a), the 
reduction of n itro b lu e  té trazo lium  (Beauchamp and F r idov ich ,
1971) and the formation o f n i t r i t e  from hydroxyl ami ne (E ls tn e r ,  
Heupel and Vaklinova, 1970a; E lstner and Heupel, 1974, 1975, 
1976a). The s p e c i f ic i t y  of these reactions fo r  superoxide is  
not absolute, but the involvement of th is  species is  g en era lly  
determined with the aid o f  superoxide dismutase (McCord and 
Fridovich, 1970).
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3 , 3 . 3  P r o t e c t i v e  Mechanisms a g a i n s t  S u p e r o x i d e
I t  is apparent from the preceding sections tha t the presence of 
oxygen in b io log ical systems coupled with the a b i l i t y  to generate 
a strong reductant provide the basic requ is ites  fo r  superoxide 
production. Superoxide has been implicated in a v a r ie ty  of 
deleterious reactions although i t  may not necessarily be the 
species d i r e c t ly  responsible fo r  causing damage. Therefore, 
any organism which requires aerobic conditions fo r  a l l  or part  
of i t s  l i f e  cycle must possess mechanisms enabling i t  to  deal 
with any superoxide formed. The ra te  of superoxide production 
may be controlled or i t s  presence to le ra ted  i f  i t  can be prevented 
from in s t ig a tin g  reactions detrim ental to the system. Most 
organisms have evolved complex defence mechanisms which make use 
of both these features . In both resp ira to ry  and photosynthetic  
electron transport,  the c a rr ie rs  are s p e c if ic a l ly  arranged so 
that only the terminal stages o f  the sequence are exposed to 
dioxygen. Of paramount importance in the defence against any
superoxide produced are the superoxide dismutase (SOD) enzymes. 
These are m etalloproteins which are v i r t u a l l y  ubiquitous in  
aerobic organisms and catalyse the dismutation o f superoxide 
(McCord and Fridovich , 1968, 1969a,b), according to Eq. 12
Og" + Og' + + Og ( 1 2 )
This reaction proceeds a t a d if fu s io n  contro lled  rate  with  
k = 1.9 X 10^ M'^s '^ (Klug, Rabani and Fridovich , 1972; R o t i l io ,  
Bray and F ie lden, 1972). Although superoxide can undergo spon­
taneous dismutation the ra te  is  dependent upon the pH and is 
much slower (Eqns 13-15).
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HO '̂ + HOg - — + O2 k = 7.6x10^ (13)
(B ie lsk i and S a ito ,  1962; 
Czapski, 1971)
HOg' + Og-'+H''— "HgOg+Og k = 1,5x10^ M '8 '^ (14)
(B ie lsk i and Schwartz, 1968; 
Czapski, 1971)
0 g’ ‘ +0 2 ’ ' + 2 H':— ^ ^ 2 °2  + ° 2   ̂ ( 1 ^)
(Divisek and Kastening,1975)
The enzyme function of the protein now known as SOD was discovered 
by McCord and Fridovich (1969a,b ), who found th a t  i t  in h ib ite d  
the reduction of ferricytochrome c by xanthine oxidase. The 
action of th is  l a t t e r  enzyme was believed to be mediated by 
superoxide (Fridovich and Handler, 1958a,b; McCord and 
Fridovich, 1968). Over the past decade since i t s  discovery,
SOD has been iso lated  from a great va r ie ty  o f sources. In general,  
the cytoplasm of eucaryotes contains Cu, Zn-SOD (McCord and 
Fridovich , 1969a; Asada, Urano and Takahashi, 1973; Sawada, 
Ohyama and Yamazaki, 1972), which is a dimer composed o f  
id en t ic a l  subunits. Procaryotes and eucaryotic mitochondria 
have been shown to contain Fe- and/or Mn- SOD but no Cu, Zn 
enzyme (Keele, McCord and Fridovich , 1970; Asada, Kanematsu 
and Uchida, 1977; Cseke e t ^ . , 1979). The manganic and f e r r i c  
enzymes possess a dimeric or te tram eric  s tructure  with id en t ic a l  
subunits (Kanematsu and Asada, 1979). In sp ite  o f  d ifferences  
in the apoenzyme and the prosthetic  metal ions, th is  group of  
enzymes appears to be spec if ic  fo r  the dismutation o f  super­
oxide. The var ia t ion s  may r e f le c t  d ifferences in the evolution  
of the enzymes (Lumsden and H a l l ,  1975; Lumsden, Henry and 
H a ll ,  1977; Okada, Kanematsu and Asada, 1979).
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The chloroplast is well protected against superoxide by possessing 
both soluble and thylakoid-bound SOD (Asada , 1973; Lumsden
and H a l l ,  1974; E lstner and Heupel, 1975; Jackson et £ l . , 1978). 
This protection is  essentia l as many ch lorop last components are 
able to reac t,w ith  superoxide as summarised in F ig . 1 .8 . Ascorbate 
is present in the ch lorop last stroma at concentrations up to  
50 mM (Walker, 1971; H a l l iw e l l ,  1978) and reacts non-enzymatically 
with superoxide as shown in Eqn 16 (E ls tn e r  and Kramer, 1973;
Epel and Neumann, 1973; Nishikimi and Yag i, 1977).
Ascorbate + 20^— ^ ^ 2^2  + dehydroascorbate (16)
3 .4  Production of Hydrogen Peroxide
By comparison with superoxide, hydrogen peroxide is  a stable  
interm ediate of oxygen reduction. I t  is  a product of both the 
enzymatic and non-enzymatic dismutation of superoxide and so 
would be expected to be generated in any system where the uni­
valent reduction of oxygen occurs, and should be stimulated by 
s im ila r  cofactors. Dioxygen was f i r s t  shown to act as the t e r ­
minal oxidant o f photosynthetic e lectron  transport under certa in  
conditions by Mehler, who demonstrated the accumulation of 
hydrogen peroxide (Mehler, 1951a, b; Mehler and Brown, 1952). 
Endogenous and a r t i f i c i a l  acceptors o f PSI such as ferredoxin ,  
f la v in s  and methyl viologen were found to stim ulate  the Mehler 
reaction (Good arid H i l l ,  1955; H i l l  and Walker, 1959; Ludwig 
e t  £ ] . ,  1971; T e l fe r ,  Cammack, Evans, 1970). Under in vivo 
conditions, hydrogen peroxide is not generally  accumulated 
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3 . 4 . 1  R e a c t i v i t y  o f  Hydrogen  P e r o x i d e
Hydrogen peroxide and i t s  anion, HOg are powerful nucleophiles  
and act as potent oxidants towards organic substrates. However, 
these reactions are surpris ing ly  slow, while other reactions of 
hydrogen peroxide proceed v ia  hydroxyl rad ical intermediates or 
through complexation with t ra n s i t io n  metals (Hamilton, 1974). 
Perhaps the best known of these l a t t e r  reaction types are the 
Fenton reagent mechanisms (Fenton, 1894), which generate the 
tox ic  hydroxyl radical (Eqs. 17 and 18)
'z^z  ^ " Z “ ' ” Z
+ HgOg + OH' + OH" (1 7 )
OH' + H „ 0 , -------- » H , 0  + 0 , ' "  + H"̂  (18 )
The reduction of f e r r ic  ions could be mediated by superoxide 
or by hydrogen peroxide (Eqs. 19 and 20)
Fe^+ + O g" »Fe^+ + 0^ (19)
F e^ * + HgOg + ZH'  ̂ + 0% '" (,Z0)
The mixture of ferrous ions and hydrogen peroxide is  known to be 
an extremely reactive  system and can attack both a l ip h a t ic  and 
aromatic compounds (W alling , 1975). Hydrogen peroxide is cer­
t a in ly  tox ic  to l iv in g  c e l ls  (F r id o v ich , 1976), but the reasons 
fo r  th is  are not c le a r ly  understood. In many instances, the 
danger of hydrogen peroxide may l i e  in i t s  a b i l i t y  to form 
Fenton-type reagents. In in ta c t  ch lo ro p las ts , CÔ  f ix a t io n  is
in h ib ited  by hydrogen peroxide (Egneus ^  » 1975; A llen ,
1978a,b), possibly due to a leakage o f Calvin cycle intermediates  
(K a iser, 1976). Lipid peroxidation appears to be stimulated by 
hydrogen peroxide, but th is  is probably due to the in d ire c t
e f fe c t  described above (Dodge, 1971, 1975).
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3 . 4 . 2  D e t e c t i o n  o f  Hydrogen  P e r o x i d e
The r e la t iv e  s t a b i l i t y  o f hydrogen peroxide permits d ire c t  bio­
chemical determinations to be made. A simple assay involves the 
addition  of catatee which, destroys hydrogen peroxide and releases  
oxygen.which is detected with an oxygen e lectrode. Other b io ­
chemical assays which combine s e n s i t iv i t y  with r e la t iv e  ease of 
operation include the decarboxylation of a -keto acids (E lstner  
and Heupel, 1973, 1976b) and the oxidation  of NADH in the 
presence of an NADH-specific peroxidase (E ls tn e r  and Frommeyer, 
1978a,b).
3 .4 .3  Protective Mechanisms against Hydrogen Peroxide
Although hydrogen peroxide per se may not be esp ec ia lly  to x ic ,  
i t s  presence combined with th a t  o f c e r ta in  t ra n s i t io n  metal ions 
in l iv in g  c e l ls  is  p o te n t ia l ly  a s ig n i f ic a n t  hazard. Hydrogen 
peroxide production is often loca lised  in s im ila r  areas to super­
oxide generation and thus the c r i t e r i a  fo r  defence mechanisms 
bear close resemblances. The destruction  o f  hydrogen peroxide 
can be catalysed by the enzyme catalase which is found in 
peroxisomes, a frequent contaminant of ch loroplast preparations  
(A l le n ,  1977; A llen and Whatley, 1978; H a l l iw e l l ,  1978b). 
Hydrogen peroxide may also be destroyed by peroxidase enzymes, 
with the concomitant oxidation of substrate. In addition to 
the absence o f  catalase in ch lorop las ts , peroxidase a c t iv i t y  
was o r ig in a l ly  believed to be lacking (P arish , 1972). However, 
Groden and Beck (1977, 1979) have reported the existence of 
a t ig h t ly  bound ascorbate peroxidase in ch lorop lasts , as proposed
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by Foyer and H a l l iw e l l  (1976), which could d e to x ify  hydrogen peroxide
according to Eq. 21.
Ascorbate + H^O  ̂  ascorbate— ► dehydroascorbate + 2 H2 O (21)
peroxidase
Dehydroascorbate may be reduced to ascorbate by g lu ta th io n e , also 
present in chloroplasts (Eqn. 22)
2GSH dehydroascorbate ►GSSG + ascorbate (22)
Reduced g lu tath ione may be regenerated by NADPH in the presence of 
an NADPH-dependent g lutath ione reductase (Jocelyn* 1972; H a ll iw e l l  
and Foyer, 1978).
3 .5  Production o f  Hydroxyl Radical
The hydroxyl radical is  formed by homolytic or reductive cleavage 
of hydrogen peroxide and is One of the most potent oxidants known.
I t  is  highly reac tive  and can abstract protons or remove electrons  
from a substra te , resu lt ing  in a more stable f re e  rad ical (Eqns.
23 and 24)
OH’ + RH-----------►OH' + RH"̂  (23)
OH" + RH-----------»H.O + R" (24)
In b io log ica l systems, the hydroxyl rad ical was o r ig in a l ly  thought to 
be derived from the reaction o f  superoxide w ith hydrogen peroxide 
(Eqn. 25) (Haber and Weiss, 1934)
Og'" + HgOg------^0^ + OH* + OH" (25)
On thermodynamic grounds, th is  reaction is fe a s ib le  (Koppenol and 
B u tle r ,  1977), but the f a i lu r e  to demonstrate i t s  occurrence 
by various groups (McClune and Fee, 1976; H a l l iw e l l ,  1976;
Rigo, Stevanato, Finazzi-Agro and R o t i l io ,  1977; Gibian and
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Ungermann, T979), suggest th a t  i t  does not take place a t a 
s ig n if ic a n t  ra te .  These studies have shown th a t  the ra te  constant
7
fo r  the dismutation of superoxide is  a t  leas t  10 g rea te r  than 
that o f  the Haber-Weiss reaction  (P ryor, 1976). However, c a ta lys is  
by metal ions may allow the reaction  to  proceed a t a s ig n i f ic a n t ly  
greater ra te  (Cohen, 1977; H a l l iw e l l ,  1978c; H a l l iw e l l  and 
De Ruyker, 1978). The hydroxyl rad ica l may also be formed v ia  a 
Fenton-type reaction as described in  Section 3 .4 .1 .
3 .5 .1  R eac tiv ity  of the Hydroxyl Radical
Due to i t s  extreme r e a c t iv i t y ,  the hydroxyl radical is  generally  
regarded as being unspecific  in i t s  a ttack (Fee and V a len tin e ,  
1977). Thus, in b io log ica l systems th is  species would lead to  
damage in the immediate v ic in i t y  o f  i t s  generation. I t  possesses 
s u f f ic ie n t  r e a c t iv i ty  to a ttack  most b io log ica l m ateria ls  (Anbar 
and Neta, 1967) and in s t ig a te  rad ica l chain reactions, thus 
presenting a considerable danger to  l iv in g  systems.
3 .5 .2  Detection of the Hydroxyl Radical
The d i f f i c u l t y  in detecting species with very short l i fe t im e s  
has led to  considerable controversy as to whether the hydroxyl 
radical is  produced in b io lo g ic a l  systems. Early assays were 
based on the assumption th a t  the hydroxyl rad ical was produced 
via the Haber-Weiss reac tion . I f  th is  were the case, hydroxyl 
radical-dependent reactions would be in h ib it& b le  by SOD and
35
catalase (Beauchamp and Fridovich, 1970; E ls tner  and Konze, 1974).
The bleaching of p -n itroso d im ethy lan iline  (PNDA) has been used 
as a probe fo r  the hydroxyl radical in  b io lo g iç a l  systems (E ls tn er  
and Z e l l e r ,  1978; Bors, Michel .and Saran, 1979b). The s p e c i f ic i ty  
of th is  reaction  had previously been demonstrated in chemical 
systems (Baxendale and Khan, 1969; K r a l j ic  and El-Mohsni, 1978; 
K ra l j ic  and Trumbore, 1965). From the biochemical in v e s t ig a t io n s ,  
i t  appears th a t  f r e e ly  d i f fu s ib le  hydroxyl rad ica l cannot e x is t  
in b io log ica l systems. I t  is important to  note, however, th a t  
the existence of a Fenton-type reagent is  not ruled out by these 
investiga tions  (Bors £ t  £ ] [ . ,  1979b).
3 .5 .3  P ro tec tive  Mechanisms against the Hydroxyl Radical
The high r e a c t iv i t y  o f  the hydroxyl rad ica l and the equ ivalent  
Fenton-type oxidant in fe r  that endogenous p ro tec t ive  mechanisms 
must act a t  the s i t e  o f possible rad ical production. The 
mechanisms fo r  the production o f both the oxid is ing species 
require hydrogen peroxide, thus the c e l l  can control hydroxyl 
rad ical formation by regulating the generation and subsequent 
fa te  o f  th is  less tox ic  speciesi" I t  is  d i f f i c u l t  to v is u a l is e  
sp e c if ic  scavengers of the hydroxyl rad ica l because o f i t s  
r e a c t iv i t y ,  although c e l ls  do contain r e la t i v e ly  high leve ls  
o f the an tiox idant a-tocophenol (Baszynski, 1974; Hughes,
Gaunt and Laidman, 1971).
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3 . 6  P r o d u c t i o n  o f  S i n g l e t  Oxygen
In contrast to  the ac t iv e  oxygen species described in preceding 
sections, s in g le t  oxygen is  not an interm ediate in  the un ivalent  
reduction of dioxygen. I t  is  however, highly re ac tive ;  .a feature  
tha t  is probably derived from the lack o f a spin r e s t r ic t io n  
(Fee and V a len tine , 1977). S in g le t  oxygen may be generated by a 
var ie ty  o f  methods (see Krinsky, 1977), but only those reactions  
applicable to b io log ica l systems w i l l  be considered here.
One of the most widespread sources of s in g le t  oxygen is  through 
photosensitisation reac tions , in which th is  reactive  oxygen species 
may be formed through the reaction of excited t r i p l e t  s e n s it is e r  
and dioxygen (Krinsky, 1977). Excited chlorophyll has been shown 
to generate s in g le t  oxygen by th is  method (Foote and Denny, 1968). 
The Haber-Weiss reaction (Haber and Weiss, 1934) has been 
proposed as a po ten tia l  mechanism fo r  the generation of s in g le t  
oxygen (Kellogg and Fridovich , 1975) and th is  has been shown to 
be thermodynamically fe a s ib le  (Koppenol, 1976). However, despite  
numerous attempts to generate s in g le t  oxygen v ia  th is  reac tio n ,  
no conclusive evidence has been obtained (Fee and Va len tine ,
1977; Foote, Shook, A b aker l i ,  1980). Another possible mechanism 
by which s in g le t  oxygen may be generated from superoxide concerns 
the dismutation reac tion . I t  has been proposed th a t  the spon­
taneous dismutation reaction  leads to the formation of s in g le t  
state  oxygen (Arneson, 1970; Khan, 1970), while the enzymatic 
dismutation resu lts  in  ground s ta te  oxygen (Goda, Chu, Kimura 
and Schaap, 1973; H a l l iw e l l ,  1974). This is s t i l l  a matter 
of some controversy (Poupko and Rosenthal, 1973; Fee and
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V a len tin e ,  1977). Hydrogen peroxide may also give r is e . t o  d inglet  
oxygen, e i th e r  through d isproportionation (Smith and Kulig,1976)  
or by a reaction with halides in the presence o f a peroxidase . 
( P ia t t  and O 'Brien, 1979).
3 . 6 . 1  R e a c t iv ity  of S ing let Oxygen
S ing le t oxygen does not su ffe r  from the spin r e s t r ic t io n  imposed 
upon dioxygen and is therefore much more re a c t iv e ,  I t  is  not 
however, as reac tive  as the hydroxyl rad ical and is therefore  
more d iscrim inating  in i ts  reactions with b io lo g ica l molecules.
In p a r t ic u la r ,  i t  has been shown to oxidise nucleic acids (Clagett  
and Galen, 1971; Rosenthal and P i t t s ,  1971), amino acids (Nilsson, 
Merkel and Kearns, 1972) and many other compounds (see Bors e t  a l . ,  
1974). Photodynamic attack o f b io log ica l systems frequen tly  
resu lts  in membrane damage which is  believed to  be due to l ip id  
peroxidation (Foote, 1976; Mead, 1976). S in g le t  oxygen has been 
shown to a ttack  unsaturated l ip id s  in v i t r o  (RaWls and Van 
Santen, 1970) and there is evidence fo r  i t s  p a r t ic ip a t io n  in in  
vivo reactions (Goda et , 1973; Pederson and Aust, 1973;
Bus, Aust and Gibson, 1974).
3 .6 .2  Detection o f S inglet Oxygen
Several compounds react with s in g le t  oxygen to form s p e c if ic  
products, e .g . the reaction with cholesterol resu lts  in the 
formation o f  5a-hydroperoxycholesterol and thus can be used as
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in d ire c t  determinations o f  th is  species. The p a r t ic ip a t io n  of 
s in g le t  oxygen in reactions may also be investigated through the 
use of spec if ic  quenchers. The carotenoid pigments have been 
shown to quench s in g le t  oxygen w ithout themselves being destroyed 
in the prpcess (Foote and Denny, 1968; Foote, Denny, Weaver,
Young and Peters , 1970c). This is  due to the carotenes possessing 
a s u f f ic ie n t ly  low t r i p l e t  s ta te  energy (Foote, Chang and Denny, 
1970b; Farmilo and Wilkinson, 1973). Other scavengers of s in g le t  
oxygen include the tocopherols, t e r t i a r y  amines and azide (Krinsky, 
1977).
3 .6 .3  Protective  Mechanisms against S ing le t Oxygen
The production o f s in g le t  oxygen in chloroplasts  may occur via  
intermediates of oxygen reduction or through pigment sens it isa t ion  
reactions. In a s im ila r  manner to  hydroxyl radical production, 
control of s in g le t  oxygen formation may be derived from regulating  
the generation and subsequent fa te  o f  superoxide and hydrogen 
peroxide. However, chlorophyll is  a very e f fe c t iv e  sen s it ise r  
fo r  photooxidations o f  organic substrates . In vivo, most of 
the energy of s in g le t  excited ch lorophyll is  used in photosynthetic 
electron tra n s fe r  reactions, but i t  has been calculated tha t  about
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four exc ita t ions in 10  undergo intersystem crossing to form 
t r i p l e t  excited chlorophyll (Breton and Mathis, 197 0 ),thus providing  
the po ten tia l  fo r  photodynamic damage. Carotenoids are found 
in close association with chlorophyll molecules in the photo­
synthetic membrane and 3 -carotene in th is  respect, re l ie s  on i ts  
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Fig 1.8 Excited pigment decay mechanisms
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(F ig . 1 .9 )  (Foote and Denny, 1968; Foote ^  , 1970a,b ,c;
Anderson and Krinsky, 1973). Although the scavenging o f  s in g le t  
oxygen by the carotene pigments is  a highly e f f i c ie n t  process, 
the ch lorop last also contains high leve ls  o f antioxidants  
( H a l l iw e l l ,  1978a), which react p r e fe r e n t ia l ly  with highly  
reac tive  oxygen species. More than 90% of the to ta l  a-tocopherol 
present in green leaves is localised in the ch lorop last (Hughes 
et 2 l ' * 1971) and is  known to  be photooxidised by s in g le t  oxygen 
(Grams, Eskin and I n g le t t ,  1973). I t  is  also an important in h ib i ­
to r  of rad ica l chain oxidations, such as l ip id  peroxidation  
(Green, 1972; Tappel, 1972; Anderson and Krinsky, 1973). Thus, 
the ch lorop last would appear to  be well protected against s in g le t  
oxygen and i t s  possible deleterious consequences.
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4 .  AIMS OF THE THESIS
The aim of the present investiga tion  was to attempt to  c l a r i f y  
the relevance o f  superoxide- in Various p lant reactions and with  
p a r t ic u la r  reference to  the mode o f  action of paraquat. The f i r s t  
part of the study deals with the generation o f both sgperoxide 
and hydrogen peroxide in plant systems of increasing complexity.
In p a ra l le l  with these in ves tig a t io n s , attempts were made to  
determine some physico-chemical parameters o f  redox compounds tha t  
mediated oxygen reduction. The aim of th is  study was to  devise  
a system tha t  could be used to p red ic t the oxygen a c t iv a t in g  
a b i l i t y  of other compounds.
The ro le  o f superoxide in the herb ic idal action of paraquat was 
examined by using an a r t i f i c i a l  SOD complex PA-Cu, in a study 
which aimed to determine the r e la t iv e  importance of th is  rad ical  
as compared to other oxygen species. Both the hydrocarbon gases 
ethylene and ethane are known to be produced under a v a r ie ty  o f  
stress conditions and oxygen is  involved in the biosynthesis o f  
each. The mechanisms of biosynthesis were investigated with  
respect to the ro le  of various ac t ive  oxygen species in  a series  
of model reactions with chloroplast lam ellae.
The existence of a plant biotype which showed resistance to para­
quat afforded a fu r th e r  opportunity to inves tiga te  the ro le  of 
superoxide in the phytotoxic action of the herb ic ide . This study 
involved the in vestiga tion  of endogenous mechanisms protecting  
against paraquat and complemented the f la x  cotyledon experiments 
which en ta iled  the use of an exogenous compound Lo provide protection
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Due to the d isparate  nature of the various areas o f study, each 
section has been discussed separately . A synthesis of the major 
points from each section has been attempted in a concluding 
discussion. • '
Although the major part  of th is  p ro ject was undertaken a t  the 
Univers ity  o f Bath, various periods were spent elsewhere. A 
period of three months’ was spent in 1978 with Professor E.F. E ls tner  
in Munich, during which time a short study was made with  
Professor A. Trebst in Bochum. In la te  1979, a period o f  three  
months was spent a t  J e a lo t t 's  H i l l  with Dr. J.A. Farrington of 
ICI P lant Protection Ltd.
MATERIALS AND METHODS
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1. PREPARATION OF EXPERIMENTAL MATERIAL
1.1 Growth of P lant Tissue
* . . .
Pea seedlings ( Pisum sativum var. Meteor) were used as the source
fo r  most chloroplast preparations. They were grown in seed trays
containing Levington Universal Compost fo r  2-3 weeks in  a greenhouse
with a 14 h l ig h t  regime o f d ay lig h t supplemented by mercury vapour
lamps and at a temperature of 21-24°C.
Spinach (Spinacea oleracea L .)  was also used fo r  is o la t io n  of 
chloroplasts. The plants were grown outdoors and f u l l y  expanded 
leaves were harvested a f te r  6 - 8  weeks.
Flax seedlings ( Linum usitatissimum var. Reina) were grown on 
waterlogged verm icu lite  in evaporating dishes fo r  7 days in a 
growth cabinet a t  a temperature o f  20-22°C under constant 
i l lu m in a tio n  of 5.25 Wm provided by Warm White fluorescent  
tubes. The dishes were covered f o r  the i n i t i a l  48 h to  maintain  
a high humidity, a f te r  which time the seedlings continued growth 
in a r e la t iv e  humidity of 70%.
Fronds from asparagus (A sparagus"off ic ina lis  cv. Marche de Malines) 
were used as a source of mesophyll c e l ls .  The plants were grown 
in growth chambers with a 16 h/22°C photoperiod and a 8  h /18°C  
night regime with a constant r e la t iv e  humidity of 60%.
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Conyza ( Conyza l i n e f o l i a ) were grown i n i t i a l l y  in ind iv idual  
pots under greenhouse conditions and were then transferred  to a 
laboratory  a t  20-25°C with natural d ay ligh t conditions.
The range o f plants used in the b io log ica l screen were grown in  
ind iv idual pots under greenhouse conditions.
1.2 Preparation of Experimental Compounds
The redox compounds used were o f reagent grade or b e t te r .  For 
use in chloroplast assays, stock solutions were prepared a t  a 
concentration of 3 x 10” ^M. Most compounds were water soluble;  
those which were not were f i r s t  dissolved in a minimal volume of  
methanol and then d i lu ted  with d i s t i l l e d  water. The f in a l  
concentration of methanol in the reaction  mixture never exceeded 
0.3% and was found to be without e f fe c t  with respect to control 
values.
DCMU was i n i t i a l l y  dissolved in  methanol and then an equal volume 
of d is t i l l e d  water was added. The f in a l  concentration of  
methanol in the reaction mixture never exceeded 2.5%.
The concentration of the redox compounds in the asparagus ce l l  
assay was 10 ppm which was added as a 10  yl sample of an emulsion 
containing the compound. The emulsion was composed as follows:
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4 mg compound
0 .4  cm3 JF 5969 (e m u ls if ie r )
1 . 6  cm3 HzO
The compounds tested in the b io log ica l screen were app lied  a t  
a concentration equivalent to 10 Kg ha” ^, in  an emulsion o f  
the same proportions as described above.
In uptake studies w ith labe lled  paraquat, (m ethy l-i^c) paraquat 
chloride (s p e c if ic  a c t iv i t y  111 mCi mmol”^ ) was dissolved in  
d i s t i l l e d  water.
Penicillamine-copper complex (PA-Cu) was kindly provided by 
Dr. E. Lengfelder and was dissolved in d i s t i l l e d  water.
1.2 .1  Synthesis o f DBMIB
DBMIB was synthesised from thymoquinone according to T rebs t,  
Harth and Draber (1970). 5 g o f thymoquinone was reacted w ith
bromine water fo r  3 days with constant s t i r r in g .  The reaction  
product was re c ry s ta l l is e d  four times from methanol. M elting  
point determinations and NMR analysis were performed on the 
synthesised m ateria l and the values were compared w ith those of 
authentic samples of DBMIB.
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1.3 Treatment of Plant Tissue
1.3 .1  Flax Cotyledons
Flax cotyledons were detached from 7 day old seedlings and f loa ted  
on experimental solutions in 50 cm̂  screw-top conical f la s k s ,  which 
had been f i t t e d  w ith  rubber septum m ateria l to f a c i l i t a t e  analysis  
of the gaseous headspace. Streptomycin was ro u t in e ly  included in  
the incubation medium a t  a concentration o f  100  ppm to in h ib i t  
fungal growth. The flasks were maintained in  a growth cabinet a t  
20-22°C under continuous i l lu m in a tio n  of 5.25 Wm"̂  provided by 
Warm White f luorescent tubes.
Cotyledons fo r  chloroplast f a t t y  acid analysis were f lo a te d  on 
experimental solutions in 50 cm̂  Medical F la t  b o t t le s ,  which were 
la id  on th e i r  f l a t  side and incubated as previously described.
1 .3 .2  Conyza Leaf Sections
Leaves were selected th a t  were 5-10 cm in  length and were then cut 
in to  1-2 cm sections. These were f lo a ted  on herbicide solutions  
in  50 cm̂  screw-top conical f la s k s ,  or in 5 cm P e tr i  dishes in the 
case o f CO2 exchange studies.
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2. ISOLATION OF CELLS, ORGANELLES AND SUBCELLULAR FRACTIONS
2,1 , ' Asparagus Cel l Iso la tion  ( J e a lo t t ’ s HM I Method)
Asparagus, fronds were selected which were f u l l y  grown (approximately  
3 cm in  length) and dark green in  colour. Mesophyll c e l ls  were 
iso la ted  from the fronds by stroking them lo n g itu d in a l ly  with a 
p la s t ic  p lan t pot label in to  0.01 M HEPES pH 7 .6 ,  while  allowing  
the fronds to s l ip  through the f in g e rs .  The fronds were collected  
together and the process repeated three times. The th ick  green 
suspension was f i l t e r e d  through f in e  nylon gauze to remove macro­
scopic p lan t debris . 2 cm̂  o f the c e l l  f i l t r a t e  was pipetted into  
each conical f la s k  and illum inated in  a water bath (Grant Instrument 
SS30) in  the presence or absence of redox compound fo r  45 mins.
The c e l ls  were then collected by cen tr ifu g a tio n  a t  1500 g fo r  30 s. 
The p e l le t  was resuspended in fresh b u ffe r  and used immediately.
2 .2  Chloroplast Iso la tion  Techniques
2.2 ,1  Chloroplasts fo r  Electron Transport Studies
Apical leaves from 2-3 week old pea seedlings were used fo r  most 
electron transport assays and chloroplast model systems. The method 
of is o la t io n  was modified from that described by Jensen and Bassham 
(1966).
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A stock so lu tion  was prepared and contained the fo llo w in g :
0.33 M sorb ito l  
2 X 10“ 3M NaNOg .
2 X 10~3M EDTA
2 X 10"^M sodium isoascorbate 
1 X 10"3M MnClz • 4HzO
1 X 10"3M MgClz • 6H2O
5 X lOr^M K2HPO4' 3H2O
Pea leaves were homogenised fo r  two periods o f  7 s w ith  30 s cooling,
in an U lt ra  Turrax homogeniser in  a buffered medium (10 cm3 per 1 g
tissue) of the fo llow ing composition:
5 X 10“ 2M mes 1
I dissolved in  the stock so lu tion
2 X 10r%M NaCl
I above and adjusted to pH 6.1 
0,1% ESA /
The brei was f i l t e r e d  through four layers o f  muslin and the 
f i l t r a t e  centrifuged a t  1000 g fo r  5 mins in  a MSE 18 cen tr ifu g e .
The supernatant was discarded and the p e l le t  was resuspended in  the 
fo llow ing bu ffe r:
5 X 10’ 2m HEPES 
2 X 10"2M NaCl
dissolved in the stock so lu tion  
above and adjusted to pH 6 .7
The suspension was recentrifuged a t  1000 g fo r  5 mins and the 
supernatant discarded. The p e l le t  was dispersed in  a b u ffe r  of  
the fo llow ing  composition:
5 X 10“ 2M HEPES 
5 X 10"3M Na^P^Oy . IOH2O
dissolved in d i s t i l l e d  water 
and adjusted to pH 7 .8
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This was recentrifuged  a t  12,500 g fo r  10 mins and the p e l le t  was 
resuspended in  a few cm3 of th is  f in a l  b u ffe r  and maintained on 
ice u n t i l  required f o r  use (Type E ch lorop lasts ;. H a l l , 1972).
Spinach leaves were used as the source o f ch lorop lasts  in  some 
experiments. The is o la t io n  procedure was e s s e n t ia l ly  the same as 
fo r  pea chloroplasts except th a t  p r io r  to homogenisation in  a 
Waring Blender, the leaves were deveined and washed in  ice -co ld  
d is t i l l e d  water.
2 .2 .2  C h to ro p ta s te  f o r  P h o to p h o sp h o ry la tio n  D e te rm in a tio n s
Spinach chloroplasts (Type C; H a l l ,  1972) were used in  photo­
phosphorylation studies and were iso la ted  by a m odifica tion  o f  the 
method o f Ort and Izawa (1973). A fte r  washing in  ice -co ld  d i s t i l l e d  
water, spinach leaves were deveined and homogenised fo r  5 s in an 
Omnimix homogeniser set on maximum speed, w ith  the fo llow ing  
buffer:
0 .3  M NaCl
3 X lO’ ZM t r ic in e  -  NaOH pH 7 ,8  
3 X 10“2m MgClz 
5 X 10"‘♦M EDTA
The homogenate was f i l t e r e d  through four layers o f f in e  nylon gauze 
and centrifuged fo r  4 min a t 2,500 g in a Sorva ll RC-2B cen tr ifu g e .  
The p e l le t  was resuspended with the aid of a p a in t  brush in a 
buffer  o f the fo llow ing composition:
50,
0 .2  M sucrose 
5 X 10“ 3m HEPES -  NaOH pH 7 .5  
2 X 10"3m, MgClz 
0.05% BSA
A fte r  cen tr ifug ing  a t  2000 g fo r  15 s, the supernatant was decanted 
and recentrifuged a t  2000 g fo r  4 mins. The ch lorop last p e l le t  
was resuspended in a few cm3 of the above medium and used.
2 .2 .3  C h lo ro p lo 3 te  f o r  F a t ty  A c id  A n a ly s is
Following herbicide treatm ent, f la x  cotyledons were dipped in  
l iq u id  nitrogen and ground with a precooled mortar and pestle and 
the fo llow ing buffer was gradually  added:
0.3  M NaCl
5 X 10"3M T r ic in e  -  NaOH pH 7 .8  
3 X 10"3M MgClz 
1 X 10"3M NaNa
The brei was f i l t e r e d  through four layers o f muslin and centrifuged  
a t  200 g fo r  2 mins. The supernatant was decanted and 
recentrifuged a t  7000 g fo r  10 mins. The p e l le t  was used fo r  
f a t t y  acid analysis .
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2.3 Preparation of Spinach Ferredoxin (A f te r  Tagawa and Arnon,
  ------------------ :-------------------:--------- :-----------------------  . 1962)
5 kg of spinach leaves were washed in  d i s t i l l e d  w ater, deveined and 
l e f t  overnight a t  4°C. I t  was then homogenised w ith 0.02 M Tris  
b u ffe r ,  pH 8 .0  (1 dm̂  Kg"i) in a large Waring Blender. A fte r  
f i l t e r i n g  through f in e  nylon gauze, the homogenate was maintained 
a t 4°C fo r  1 h. Acetone a t  -20^C was then slowly added to 40% by 
volume, with constant s t i r r in g  on an ice  bath to maintain the 
temperature below 0°C. A f te r  standing fo r  30 mins, the ex trac t  
was centrifuged a t  5000 g fo r  10 mins in  a Sorvall RC-2B cen tr ifuge ,  
and the p e l le t  discarded. Further cold acetone was added to bring  
the preparation to 80% v/v and was allowed to stand fo r  a fu r th e r  
30 mins. A fte r  cen tr ifu g a tio n  a t  5000 g f o r  10 mins, the 
supernatant was discarded and the p e l le t  resuspended in a small 
volume o f  0.05 M T r is  b u f fe r ,  pH 8 .0  and dia lysed overnight a t  4°C 
against d is t i l l e d  water adjusted to pH 8 . 0 . by the add ition  of so lid  
T r is .  The p rec ip ita ted  m ateria l was removed by cen tr ifug a tion  a t  
25000 g fo r  20 mins. The supernatant was applied to a Whatman
DE 52 column (20 cm x 4 cm), which had previously been equ il ib ra ted
with 0.05 M Tris  b u ffe r ,  pH 7 .3 .  About 400 cm3 of 0.05 M T r is ,  
pH 7 .3  was then passed through the column, followed by s im ila r  
volumes of 0.1 M T r is ,  pH 7 .3  containing 0.1 M and 0 .2  M NaCl.
These eluted yellow f la v in  and greyish p lastocyanin . Ferredoxin 
was eluted with 0.1 M T r is ,  pH 7 .3  containing 0 .4  M NaCl. The red-  
brown l iq u id  was dialysed overnight as before. The ex trac t  was
d ilu ted  four times with d i s t i l l e d  water and applied to a second
52
Whatman DE 52 column (50 cm x 4 cm) which had been e q u il ib ra te d  as 
previously described. The column was washed with 0.1 M and 0 .2  M 
T r is ,  pH 7 .3  and ferredoxin  was eluted w ith  0 .2  M T r is ,  pH 7 .3  and 
0.4 M Na,Cl. The re s u lta n t ,f ra c t io n s  were subjected to spectro-  
photometric determination and those e xh ib it in g  a 420/280 nm 
absorbance r a t io  o f  less than 0 .2  were discarded. The ferredoxin  
fra c tio n s  were concentrated on a small Sephadex column (2 cm x 4 cm) 
The dark red ferredoxin  e luate was stored frozen u n t i l  required  
fo r  use.
2 .4 Extraction  and P u r if ic a t io n  of SOD
The preparation o f SOD extracts from Conyza leaves was based on the 
method o f Sawada, Ohyama and Yamazaki (1972). 25 g o f le a f  t issue
was homogenised in an U ltra  Turrax homogeniser with 250 cm3 of the 
fo llow ing b u ffe r :
0 .3  M NaCl
5 X 10“ 2M T r ic in e  -  NaOH pH 7 .8  
3 X 10"3M MgClz 
1% PVP
The homogenate was strained through four layers o f muslin and so lid  
(NHi+)2S0 it was added to give 35% satu ra tio n . A f te r  standing a t  4°C 
fo r  1 h with occasional s t i r r in g ,  the ex trac t  was centrifuged a t  
1000 g fo r  15 mins. The p e l le t  was discarded and fu r th e r  (NH4 ) 2S04 
was added to the supernatant to bring th is  to 55% sa tu ra t io n .
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This was l e f t  fo r  1 h a t  4°C as before and the p re c ip i ta te  was 
collected by cen tr ifu g a tio n  a t  25000 g fo r  30 mins. The p e l l e t  was 
resuspended in a small volume of ice -co ld  d i s t i l l e d  water and 
dialysed overnight a t  4°C. The p re c ip ita te  formed during  
d ia lys is  was removed by cen tr ifug ing  a t  1000 g fo r  15 mins and 
then 0.5 volume of acetone(precooled to -20°C) was added to the 
supernatant and vigourously mixed. The p re c ip ita te  was removed by 
centrifug ing a t  5000 g fo r  30 mins and 1 .0  volume of acetone was 
added to the supernatant as before. The p re c ip ita te  was co llected  
by centrifug ing a t  20,000 g fo r  30 mins and the p e l le t  was 
resuspended in a small volume o f  2 .5  x lO'^M phosphate b u f fe r ,  
pH 7 .8 .  The insoluble residue was removed by cen tr ifu g a tio n  a t  
1000 g fo r  15 mins. The supernatant was applied to a Sephadex G-75 
column (20  cm x 1 cm), which had previously been e q u il ib ra te d  with
2.5 X 10“ 3m phosphate b u f fe r ,  pH 7 .8 .  The column was e luted  with  
the same buffer and fra c tio n s  were d ilu ted  1:4 with b u ffe r  before  
being subjected to spectrophotometric determination a t  280 nm fo r  
prote in . Fractions exh ib it in g  an absorbance greater than 1 .0  were 
pooled and concentrated by d ia ly s is  against polyethylene glycol 
4000 fo r  about 2 h. SOD extracts  were stored a t  -20°C u n t i l  
required fo r  use.
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2.4.1  Gel E le a trc p h o re a is  o f  SOD E x tra c ts
Squares (2 cm x 2 cm) were cut from a s ingle thickness o f wet 
d ia ly s is  tubing and placed over the rubber grommets o f  the gel 
holder. The gel tubes (8 .5  cm x 0.75 cm) were pressed in to  the 
grommets and were thus held v e r t ic a l ly  and sealed a t  th e i r  lower 
ends by the d ia ly s is  tubing. The tubes had previously been 
treated with a 5% solution  o f d ichlorodim ethylsilane (Fisoos) in  
chloroform to aid f in a l  removal of the gels . The Solutions 
required fo r  forming the gels were prepared as fo llow s:
Solution A : 36.3% w/v T r is  b u f fe r ,  pH 8 .0
Solution B : 24.0% w/v urea
Solution C : 40.0% w/v acrylamide
0.8% w/v N,N-methylenebisacrylamide
Solution D : 0.75% w/v ammonium persulphate
Solution E : TEMED
The proportions required to form the gels are given below:
% GEL
cm3 SOLUTION
A B C D E
10 5 5 10 20 0.05
15 5 5 15 15 0.05
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A fte r  mixing, 3 cm̂  o f the gel mixture was gently  pipetted into  
each tube, so as to avoid a i r  bubble formation. Water was layered 
onto the top of each gel to a id  polymerisation and to ensure a 
f l a t  loading surface. Polymerisation o f the gels was complete 
w ith in  45 mins and during th is  period* the bottoms of the gel 
tubes were immersed in water to prevent dehydration of the gels.
The polymerised gels were pre-electrophoresed a t  0 .5  mA per tube 
fo r  2 h p r io r  to loading. The running b u ffe r  in  both upper and
lower chambers was composed as fo llow s:
5 X lOr^M Tris  b u ffe r  pH 8 .0
8 X 10~%M glycine
SOD extracts were concentrated by d ia ly s is  against polyethylene  
glycol 4000 in order to reduce the volume o f a p p lic a t io n . A drop
of 2% bromophenol blue so lution  was added to each sample to act as
a marker during e lectrophores is . The extracts  were densified  
by the addition o f a few sucrose c rys ta ls  and were then applied
to the gel surface. Electrophoresis was performed a t  5 mA per
tube (200 mV) u n t i l  the bromophenol blue marker dye had almost 
reached the bottom of the ge ls . To reduce the heating e f fe c t  
associated with the applied cu rren t,  the gel apparatus was 
maintained a t  4°C during e lectrophores is .
The gels were then removed from the tubes, placed in  te s t  tubes 
and stained fo r  SOD a c t i v i t y ,  according to Beauchamp and Fridovich
(1971). The gels were f i r s t  soaked in 2.45 x 10"^M NBT fo r
20 mins in the dark and then b r ie f l y  rinsed with d is t i l l e d  water
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p rio r  to immersion in  the fo llow ing medium:
• 2 .8  X 10"%M TEMED
2.8 X 10” % r ib o f la v in
3.6 X 10” %  phosphate, bu ffe r  . pH 7 .8
A fter  20 mins incubation in the dark, the gels were removed to dry
te s t  tubes and i llum ina ted  by a 500 W pro jector lamp a t  a 
distance of 30 cm fo r  approximately 30 mins. The gels became 
uniformly blue-purple except where SOD was located. When maximum 
contrast had been achieved, the gels were photographed and then 
scanned in a Pye Uni cam SPl800-1809 densitometer attachment a t  
600 nm.
2.5 Extraction of Crocln (Friend and Mayer, I960)
Commercial saffron (A ldr ich ) was ground to a f in e  powder with a 
mortar and p es tle .  3 g of the powdered saffron was extracted with  
diethyl ether in a Soxhlet ex tra c to r  fo r  1 h to remove fa ts  and 
l ip id  m a te r ia l.  A f te r  the residue was dried b r ie f ly  in  a stream 
of n itrogen, i t  was re -ex trac ted  as before with methanol. The 
methanolic e x trac t  was evaporated to near dryness in a nitrogen  




3 .1 .1  Leaf Tissue
Leaf sections or cotyledons were placed in  10 cm̂  of 80% acetone 
and maintained in the dark a t  -20°C fo r  7 days to  allow chlorophyll 
to leach out of the t issue . A sample o f the e x tra c t  was 
determined spectrophotometrically a t  545 nm and 663 nm. The 
amounts of to ta l  ch lo rophy ll ,  chlorophylls  a and b were calculated  
using the co e ff ic ien ts  o f Arnon (1949) as fo llow s:
Total chlorophll = 8.02 E^sa + 20.2 E^^s mg dm” ^
Chlorophyll a = 1 2 . 7  Egea -  2.69 Egi^s mg dm” ̂
Chlorophyll b = 22.9 E^i^s + 4 .68 mg dm"^
3 .1 .2  Chloroplast Suspensions
0.2 cm̂  o f ch loroplast suspension was extracted with 9 .8  cm̂  of  
acetone. The ex trac t  was f i l t e r e d  through Whatman No.l f i l t e r  
paper and chlorophyll was determined as above. Occasionally, 
chlorophyll was determined by a s ingle absorbance reading a t  
652 nm, according to the fo llow ing equation:
^652 X 1000




3.2  Carotenold Estimation (Modified from Bishop and Wong, 1971)
50 f la x  cotyledons were ground with a mortar and pestle  in a small 
volume o f  80% acetone and some acid-washed sand. The volume of  
acetone was gradually increased to 25 cm̂  and the e x tra c t  was 
centrifuged a t  2500 g fo r  3 mins. The supernatant was maintained 
in the dark while the sand p e l le t  was re -ex trac ted  w ith  two 15 cm3 
aliquots  of 80% acetone. The to ta l  pigment extracts  were combined 
and p a rt it io n e d  in to  25 cm3 d ie thy l ether in  a 500 cmi3 separating  
funnel, in the presence o f  200 cm3 of saturated MaCl so lu tion  to  
aid p a r t i t io n in g .  The upper ether layer containing the pigments 
was reta ined in the dark and the lower aqueous layer  was re -ex trac ted  
with 15 cm3 of d ie thy l e th er .  The two ether fra c tio n s  were 
combined and taken to dryness a t  40°C on a ro ta ry  evaporator under 
vacuum. The pigment residue was redissolved in petroleum ether  
(60-80°C) and 1 cmi3 was applied as a streak to a 10 cm x 10 cm 
TLC p la te ,  coated with s i l i c a  gel (Kieselgel G Nach S ta h l ,  Type 60) 
to a thickness of 0 .5  mm. The TLC p la te  was developed in  the dark 
fo r  45 mins, in  a mixture of petroleum e th e r ,  isopropyl alcohol 
and water (1 0 0 :1 0 :0 .5 ) .  The main carotenoid pigments were 
resolved in the order; a and g carotenes, lu te in  and zeaxanthin, 
vio laxanth in  and neoxanthin. They were quickly removed from the 
TLC p la te  and eluted from the s i l i c a  gel with e i th e r  petroleum 
ether (carotenes) or ethanol (xan thophylls ) . The s i l i c a  gel was 
removed by cen tr ifu g a tio n  a t  2500 g fo r  3 mins and the absorbance 
of the carotenoid pigments was determined a t  th e i r  respective  
wavelengths of maximum absorbance.
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The pigment concentrations were ca lcu la ted  using the ex t in c t io n  
c o e ff ic ie n ts  o f  Je ffre y  (1968 ),  as given below:
CAROTENOID ^max
r l % .
^Icm
a and 3 carotene 450 nm 2505
Lutein and zeaxanthin . 447 nm 2550
Vio laxanth in 441 nm 2250
Neoxanthin 438 nm 2270





E = absorbance a t
llla A
y = volume of ex tra c t
3 ,3  Determination of Protein
Prote in  was determined according to the method o f  Lowry, 
Rosebrough, Farr and Randall (1957) as modified by Hartree
(1972 ).
Solution A : 2 g potassium sodium t a r t r a t e
100 g sodium carbonate 




Solution B : 2 g  potassium sodium ta r t r a te
1 g CuSOt* • 5H2 O
90 cm3 IM NaOH 
10 cm3 H2O
Solution C : 1 v o l .  Fo lin -C ioca lteu  reagent
14 vo ls . H2O
0.9 cm3 of solution A was added to 0.1 cm3 of protein sample
and 1 cm3 of d is t i l l e d  water and heated to 50°C fo r  10 mins.
A fte r  cooling to room temperature, 0.1 cm3 of solution B was
added and the mixture allowed to stand fo r  15 cm3. 3 cm3
of fre sh ly  prepared solution  C was added rap id ly  to ensure 
thorough mixing. The colour was developed a t  50°C fo r  10 mins. 
A fte r  cooling to room temperature, the absorbance was determined 
a t 650 nm.
A protein  c a l ib ra t io n  curve was constructed using BSA as the 
protein standard was shown to be l in e a r  up to 100 pg 
prote in .
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3.4 Analysis of Fatty  Acids
3 .4 .1  . Lipid Extraction
Lipids were extracted from chloroplasts iso la ted  from treated f la x  
cotyledons by a m odification o f  the method o f Bligh and Dyer (1959) 
The ch lorop last p e l le t  obtained in  Section 2 .2 .3  was resuspended 
in 15 cm3 of methanol. This was vigourously shaken fo r  3 mins
with 20 cm3 of chloroform, 25 cm3 o f  methanol and 10 cm3 of
d i s t i l l e d  water, in a 500 cm3 conical f la s k .  The f la s k  contents 
were then vacuum f i l t e r e d  through Whatman No.3 f i l t e r  paper and 
the residue was washed with a fu r th e r  20 cm3 chloroform. The 
f i l t r a t e  was transferred to a 1 dm3 separating funnel containing  
20 cm3 of water and shaken. A f te r  standing fo r  5 mins, the lower 
f a t t y  a c id -r ic h  layer (green) was removed by cen tr ifu g a tio n  at  
4500 g fo r  4 mins. The aqueous phase was re -ex trac ted  with  
20 cm3 chloroform. The chloroform extracts  were combined and 
taken to dryness under vacuum on a ro ta ry  evaporator a t  30^C.
The samples were stored a t  -20°C in the dark.
3 .4 .2  Preparation o f Fatty  Acid Methyl Esters
Methyl ester derivatives o f the f a t t y  acids prepared as described 
in the preceding section were obtained by a m odification  of  
the method of M etcalfe , Schmitz and Pelka (1966).
6 2
25 cm3 of 0 ,5  N methanolic NaOH was added to the l ip i d  sample 
and refluxed fo r  20 mins. A fte r  coo ling , 25 cm3 of 14% boron 
t r i f lu o r id e  methanol (Sigma) was added and re fluxed  fo r  a 
fu r th e r  20 mins. The ex trac t  was then t ra n s fe rred  to a 1 dm3 
separating funnel with 30 cm3 saturated NaCl so lu tion  and 50 cm3 
petroleum ether (40-60°C ). A f te r  shaking fo r  1 min, the upper, 
petroleum ether layer  was removed and the lower, aqueous layer  
was re -ex trac ted  with a fu r th e r  50 cm3 o f  petroleum e th er . The 
extracts were combined and dried over anhydrous sodium sulphate 
fo r  30 mins. A f te r  vacuum f i l t e r i n g  the ex trac ts  were dried on 
a ro tary  evaporator a t  20°C under vacuum. The dried methyl 
esters were taken up in 3 cm3 of A r is ta r  grade d ie th y l ether and 
stored in the dark under argon a t  -20°C.
3 ,4 .3  A na lys 'is  o f  F a t ty  A o id  M e th y l E s te rs  by GLC
A Pye Uni cam GCD Chromatograph was used to separate and id e n t i fy  
f a t t y  acid methyl esters . I t  was f i t t e d  w ith  a glass column 
with 10% DEGS as the s ta tion ery  phase and 80/100 Chromosorb W-AW 
as the so lid  support. Both the column and detector oven were 
operated a t  190°C and nitrogen was used as the c a r r ie r  gas a t  a 
flow ra te  of 35 cm3 m in ' i .  Esters were id e n t i f ie d  by comparison 
of th e i r  re ten tion  times with those o f pure methyl esters and 
also by an in te rn a l standards method.
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3.5  Ethane and Ethylene Determination
Ethane and ethylene produced from both in ta c t  t issue  and chloro­
p la s t  model systems were detected by GLC. 1 cm̂  o f  the gaseous
headspace o f the reaction f lasks  was removed using a g as -t ig h t
end
syringe (Precis ion Sampling, S t.  Louis, Mo.) analysed. Ethane and 
ethylene were id e n t i f ie d  by comparison of re te n t io n  times with  
authentic samples. Two types o f  GLC apparatus were used fo r  analysis
3 .5 .1  IPye Unicom GLC
A Pye Uni cam GCD Chromatograph equipped with an alumina column 
was used fo r  most headspace analyses of in ta c t  t is s u e .  The 





40 cm m in 'i  
15 lb  in ”2 
10 lb  in ” 2
3 .5 .2  V arian  Aerograph GLC
Most headspace analyses of the ch loroplast model experiments were 
determined using a Varian Aerograph 1400 GLC, f i t t e d  with a 
Poropak R column maintained a t  70°C. The temperatures of both 
the in je c t io n  chamber and detector oven were 125°C. The 
fo llow ing gas flow rates were employed:
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N2 25 cm3 m in 'i
H2 25 cm3. m in 'i  '
a i r  : 300 cm3 min“  ̂■
Q uantita t ive  determinations o f  the hydrocarbon gases were 
f a c i l i t a t e d  by the use o f a Varian CDS 101 in te g ra to r .
3 .6  CO2 Exchange
The CO2 exchange of Conyza le a f  sections was monitored by an 
In fra -re d  Gas analyser (IRGA) supplied by Grubb Parsons L td . ,  
connected to an open c i r c u i t  gas flow system. Compressed a i r  
(500 cm3 m in ' i )  was passed through a CaCl2 drying tower and then 
divided into  two equal streams. One stream was d irected  to the 
IRGA reference tube, while the other passed through the sample 
chamber to a second drying tube to  remove water vapour from the  
le a f  sections. The gas stream then passed to the IRGA sample 
tube. Iden tica l flow rates in both the sample and reference  
tubes o f the IRGA were achieved through the use o f  separate 
flowmeters.
The glass sample chamber was il lum ina ted  by a photoflood lamp 
giving a l ig h t  in te n s ity  o f 115 Wm“  ̂ a t  the chamber surface.
A w a te r - f i l le d  heat f i l t e r  was introduced between the lamp and 
the sample chamber. CO2 exchange was ca lcu la ted  from the 




where y = ra te  o f  CO2 exchange in cm3 min” i
X = dark recorder value (evo lu t io n ) or d iffe rence  
between l ig h t  and dark recorder values (uptake)
= c a l ib ra t io n  of one IRGA d iv is io n
M = recorder/IRGA m agnification  fa c to r .
3 .7  Uptake of l^C-Paraquat by Conyza
Leaf sections of Conyza were prepared as d e ta i le d  in  Section 1 .3 .2  
and incubated with 10’ %  paraquat so lu tion  containing 0 .2  yCi 
of i^C -labe lled  herbicide fo r  1 h, under a l ig h t  in te n s ity  of  
5.25 Wm” 2. Treated tissue was so lu b il ised  in 1 .5  cm3 NCS 
(Amersham Corp.) fo r  24 h a t  50°C. An a l iq u o t  of 0.1 cm3 was 
added to 10 cm3 o f  toluene-based s c i n t i l l a n t  of the following  
composition:
5 g PPO 
0.2 g POPOP
500 cm3 toluene
500 cm3 T r iton  X-100
The samples were counted in a Packard Tri-C arb  l iq u id
s c in t i l la t io n  counter.
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4 .  EXPERIMENTAL ASSAY TECHNIQUES
4.1 . Oxygen Electrode
4.1 .1  Oxygen exchange in iso la ted  chloroplasts
Oxygen exchange studies in ch lorop las t systems were conducted at
22°C in e i th e r  a Rank electrode (Rank Bros ., Cambridge), linked
to a Servoscribe recorder, or in a Hansatech D.W. electrode
(Bachofer, Reutlingen) coupled to a P h i l l ip s  chart recorder.
Both electrodes were ca lib ra ted  using sodium d i th io n i te ,  p r io r
3to each experiment. The basic 3 cm reaction  mixture was com­
posed as follows:
2.5 X 10 ^M phosphate b u f fe r ,  pH 7 .8
1.7 X lO'^M NH.Cl
1.7 X lO'^M HgCl2 
1 X 10"3 M NaN,
Chloroplast lam ellae containing 100 pg chlorophyll 
The chloroplast suspension was the la s t  add ition  and was followed  
by a period of dark e q u i l ib ra t io n ,  before i l lum ina ting  the reaction  
chamber. D eta ils  of other additions to the basic reaction mixture  
are described in the legends to the appropriate f igures in the 
Results section.
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4 . 1 . 2  Oxygen ex c h a n g e  by a s p a ra g u s  c e l l s
A Hansatech oxygen e lectrode (Hansatech, King's Lynn) coupled to
a Servoscribe recorder was used in oxygen exchange studies with
iso lated  asparagus c e l ls .  In experiments to  study the e f fe c t  of
compounds on net oxygen evolution (as a measure of COg f ix a t io n ) ,
3
2 cm of asparagus c e l ls  which had been preincubated in the 
absence of redox compound, were placed in the reaction chamber 
and allowed to e q u i l ib ra te  in the l ig h t  fo r  1 min. before 
determining the basal ra te  o f Og evolution. 10 pi of redox 
compound was added and i t s  e f fe c t  measured. The influence of  
preincubation o f  the c e l ls  with redox compound was determined 
s im i la r ly ,  with the exception th a t  th a t  oxygen exchange rates were 
followed in the presence and absence o f  fresh compound, added 
d ir e c t ly  to the reaction  chamber.
4 .2  Determination of Superoxide (E ls tner  and Heupel, 1976)
Superoxide anion rad ica l 0^' , was assayed by i t s  a b i l i t y  to
oxidise hydroxyl amine to n i t r i t e  according to  the equation
(E ls tn e r ,  Heupel and Vaklinova, 1970; E ls tner & Heupel, 1976)
NHgOH + ZO^'' +  ► N0„" + HgOg + H^O ( 2 5 )
The basic reaction mixture was as deta iled  in Section 4 .1 .1 ,
except fo r  the add ition o f 1 pmole o f  NH^OH. Other conditions  
are described in  the re levant f ig u re  legends in the Results 
section.
N i t r i t e  formed during the incubation was determined following an
6 8 ,
azo-coupVing of su lphan il ic  acid with a-naphthylamine. The 
following reagents were required:
Sulphanilic  acid reagent: 1.65 g su lp h an il ic  acid
'  3 .
, /  125 cm g la c ia l  ace tic  acid
3375 cm'  ̂ HgO
a-Naphthylamine reagent: 0 .5  g a-naphthylamine
3125 cm g la c ia l  ace tic  acid
375 cm^ HgO
3On conclusion of the experiment, 1 cm of the reaction mixture was
3 3
added to 1 cm of su lphan ilic  acid s o lu t io n , followed by 1 cm of
a-napthylamine reagent. The colour was allowed to develop fo r
15 min at room temperature and the sample was centrifuged to
remove chloroplast debris. The supernatant was subjected to
spectrophotometric determination at 530 nm and the amount of
n i t r i t e  formed was calculated from a standard curve obtained with
KNOg,
4 .3  Determination o f Hydrogen Peroxide
The assay used fo r  the detection of hydrogen peroxide was based 
on i t s  a b i l i t y  to oxidise NADH in  the presence of a NADH-specific 
peroxidase from Streptococcus faecal is  (Boehringer, Mannheim).
4 .3 .1  Hydrogen peroxide production by chloroplasts
The basic reaction mixture was as described in Section 4 .1 .1 .  On 
conclusion of the incubation period, the reaction  mixture samples 
were centrifuged at 3000 g fo r  10 mins to remove chloroplast m ateria l
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The supernatant was assayed fo r  hydrogen peroxide as fo llow s:
— ?
6 X 10 M a c e t a t e  b u f f e r ,  pH 5.5  
“4
1.67 X 10 M NADH
3
1 cm supernatant
1 wg NADH peroxidase (sp. ac t.  45 U/mg)
3The enzyme was the la s t  add ition to the 3 cm assay mixture and an 
i n i t i a l  absorbance was made a f te r  15s, a t  340 nm. The absorbance 
was redetermined a f te r  30 mins. and the d iffe rence  was proportional  
to the amount o f hydrogen peroxide o r ig in a l ly  present.
4 .3 .2  Hydrogen peroxide production by f la x  cotyledons 
30 treated  f la x  cotyledons were dipped in l iq u id  nitrogen and
3
rap id ly  ground to a f in e  powder with a mortar and p es tle .  20 cm 
of the fo llow ing b u ffer  were added gradually and grinding was 
continued,
5 X 10 tricine-NaOH pH 7 .8  
0.3M NaCl 
3 X 10‘ ^M MgCTg 
1 X lO'^M NaN,
0.1% BSA -
3
The homogenate was centrifuged at 17,000 g fo r  15 mins and 1cm 
of the supernatant was taken and assayed fo r  hydrogen peroxide 
as described in the preceding section.
4.4 Determination of SOD A c t iv i ty
SOD iso lated  from Conyza as described in Section 2 .4 ,  was assayed
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by two independent methods to compare the sp ec if ic  a c t i v i t y  o f the  
extracts .
4 . 4 . 1  In h ib it io n  o f n i t r i t e  formation from hydroxyl ami ne
This assay was carr ied  out e s s e n t ia l ly  as described in  Section 4 .2  
with the following d iffe rences . Superoxide was generated enzymat-
3
ic a l ly  from xanthine and xanthine oxidase in a 3 cm reaction  mix­
ture composed as fo llow s:
2.5 X 10 phosphate b u f fe r  , pH 7 .8  
5 X 10 xanthine
xanthine oxidase (containing 120  yg p ro te in )
SOD e x tra c t .
The reaction was started  by the add ition  of xanthine oxidase 
and was conducted at 25°C fo r  20 mins. On conclusion o f  the
3
reac tion , 1 cm was taken and analysed fo r  n i t r i t e  as described 
in Section 4 .2 .  One u n i t  of enzyme a c t i v i t y  was defined as th a t  
amount which caused 50% in h ib it io n  o f  n i t r i t e  formation from 
hydroxylamine.
4 .4 .2  Stimulation o f d ian is id in e  photooxidation
In th is  assay, f i r s t  described by Misra andFridovich (1977 ),  SOD 
stimulates the formation of oxidised d ia n is id in e . Superoxide was
3
generated photochemically and the 3 cm reaction mixture was 
composed as follows (Lengfelder and E ls tn e r ,  1979).
1 X 10 phosphate b u f fe r ,  pH. 7 .8
2 X 10 d ian is id in e  dihydrochloride
1.3 X 10 r ib o f la v in .
The reaction was started by the addi tion  of r ib o f la v in  and the
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sample cuvettes were illum inated by a 500 W p ro jec to r  lamp at a 
distance of 30 cm. At in te rv a ls ,  the absorbance was determined 
at 460 nm.
4.5  Bleaching o f Crocin by Iso lated  Chloroplasts
The water soluble carotenoid croc in , was prepared as described in
Section 2 .5  and used in ch lorop last model systems to investiga te
carotenoid destruction. The reaction  mixture was as outlined  in
Section 4 .1 .1  with the exception th a t  crocin was present a t  a
-5concentration of 10 M and the chlorophyll concentration was re ­
duced to 25 yg. The reaction  was conducted a t  20°C w ith  a l ig h t
3
in te n s i ty  o f 30 Klux and was terminated by the add it ion  o f 0.5 cm 
of 0.3M ZnSO^. A fte r  standing in the dark fo r  10 mins, the p rec i­
p i ta te  was removed by cen tr ifu g a tio n  at 2000 g fo r  5 mins. The 
absorbance of the supernatant was determined a t  440 nm.
4.6  NADP Reduction
NADP reduction by iso lated  spinach chloroplasts was determined with  
a Zeiss PMQ 3 spectrophotometer f i t t e d  fo r  cross i l lu m in a tio n  and 
linked to  a Servoscribe recorder. The reaction mixture contained 
in 3 cm̂  a t  22°C:
2.5 X 10 phosphate b u f fe r ,  pH 7 .8
1.7 X lO'^M NH^Cl
1.7 X lO'^M MgClg
1.7 X 1 0 " NADP
3.3 X 10 M ferredoxin
chloroplasts with 30 yg ch lorophy ll.
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Other additions are described in the legends to  the f ig u res  in the 
★
Results section. The reaction was followed by the change in 
absorbance a t 340 nm.
324.7 Determination o f ATP Formation
Photophosphorylation by spinach chloroplast lam ellae was determined
according to Conover, P ra ire  and Packer (1963), as the leve l of
32
r a d io a c t iv i ty  remaining a f te r  ex trac tion  of P - lab e lle d  ortho­
phosphate as phosphomolybdate in isobutanol-benzene. The reaction  
mixture was as fo llow s:
2.67 X 10 tricine-NaOH, pH 8 .0
3 .3  X 10,‘ ^M MgClg
3.3 X lO'^M ADP
3 .3  X ^^P
1 X lO'^M NADP
3.3  X 10 ferredoxin  
chloroplasts with 200  yg ch lorophy ll.
3
The reaction  volume was 3 cm and the vessels were i llum ina ted  
fo r  15 mins with a l ig h t  in te n s ity  of 30 Klux a t  20°C.
On completion o f  the reac tion , ch loroplast debris was removed by 
the add ition  of 0 .2  cm̂  of 20% TCA. A fte r  5 min, the p re c ip ita te
3
was removed by b r ie f  cen tr ifu g a tio n . 0 . 8  cm of the supernatant
Footnote*
In conjunction with the photophosphofylation s tud ies , the absorbance 
of a sample o f the reaction mixture was measured a t  340 nm.
Following the add ition  of 0.1 cm̂  of 1 x 10 M PMS, the absorbance 
was redetermined; the d ifference between readings was proportional 
to the amount of reduced NADP present.
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3 3was added to 4 an of IN perch loric  acid and 1 cm o f 5% ammonium
3heptamolybdate so lu t ion . To th is  was added 5 cm of isobutanol-
benzene ( 1:1  v /v )  and the sample was agitated fo r  10 mins and the
organic phase discarded. The aqueous phase was reextracted with  
3
5 cm of isobutanol saturated w ith  water and treated  as before.
3ThB f in a l  ex trac t io n  was made with 2.5 cm of d ie th y l e ther .  From
3the residual aqueous phase, 0 .4  cm was pipetted onto a p lanchette ,  
dried and determined f o r  ra d io a c t iv i ty  with a G eiger-M ullér  tube 
fo r  1 min a t  IKV.
4 .8  Ethylene Formation in Iso lated  Chloroplasts
The ro le  o f  ac t ive  oxygen species in ethylene formation was 
determined in a series  o f model experiments using iso la ted
3
chloroplasts. The basic reaction mixture o f 3 cm was composed 
as fo llow s:
2 .5  X 10 phosphate b u ffe r ,  pH 7 .8
1.7 X 10‘ ^H NH^Cl
1.7 X lO'^M MgClp 
1 X lO'^M NaNg
1 X 10” M L-methionine
-42 X 10 M pyridoxal phosphate 
50 mg BSA
D eta ils  o f other additions are given in the appropriate Results 
section.
3
The reactions were conducted in 15 cm conical f lasks  w ith  screw 
tops f i t t e d  with serum rubber to allow headspace sampling..They 
were illum inated  fo r  30 min a t  22°C at a l ig h t  in te n s ity  o f 30
3
Klux. The reaction was terminated by the addition o f 0.1 cm
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30.5N HgSO^. A l  cm sample o f  the f la s k  headspace was analysed 
by GLC as described in Section 3 .5 .
4 .9  - Ethane Evolution
The evolution o f ethane from trea ted  t issue  was used as an ind ica to r  
of l ip i d  peroxidation in f la x  cotyledon experiments. Iso lated  
chloroplasts were used to study the mechanism of ethane formation.
4 9 ] Ethane release from f la x  cotyledons
3
20 f la x  cotyledons were excised and incubated on 3 cm of medium 
in  f lasks  as described in Section 1 .3 .1 .  The f la s k  headspace was
3
analysed by subjecting a 1 cm sample to GLC determination.
4 .9 .2  E t h a n e  f o r m a t i o n  by i s o l a t e d  c h l o r o p l a s t  l a m e l l a
Studies in to  the mechanism o f  ethane formation were made using the 
conicals flasks described in Section 4 .8 .  The basic reaction
3
mixture contained in 3 cm :
_ o
2.5 X 10 M phosphate b u f fe r ,  pH 7 .8
1.7 X lO'^M NH^Cl
1.7 X 10‘ ^M MgClg 
1 X lO'^H NaNg
3.3 X 10 c t - l i n o l e n i c  a c i d  
50 mg BSA
o . . .  - 2
The flasks  were incubated at 20 C with a l ig h t  in te n s ity  of 250Wm
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On conclusion of the reaction , 1 cm o f the headspace was subjected  
to GLC analysis .
5. ELECTRON MICROSCOPY
5.1 Sample Preparation fo r  Transmission Electron Microscopy





0.1 M phosphate b u ffe r ,  pH 7 .0  : d i lu te d  to 0.05M
fo r  washing le a f  
specimens
3% Sorenson's Buffered Glutaldehyde : 12 cm̂  25% GDA
50 cm̂  O.IM
phosphate b u ffe r  
38 cm̂  HgO 
2 00  mg OsO  ̂ d is -
3
solved in  10  cm 
of 0.05M phosphate 
b u ffe r  and stored  
in a c lean , stoppered 
b o t t le  a t  4°C.
(Spurr, 1969)
2% Osmium te trox ide  (OsO^)
Spurr's Low v iscos ity  resin
10 cm vinylcyclohexane dioxide (ERL 4206)
3
6 cm d ig ly c id y le th e r  or polypropylene glycol 
(DER 736)
3
26 cm nonyl succinic anhydride (NSA)
3
0 .4  cm dimethylaminoethanol (S-1)
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e) Uranyl acetate : saturated so lu tion
in 70% methanol
f )  Reynold's Lead C i t ra te  : (Reynold, 1963)
■ . 1.33g lead n i t r a te
1.76g sodium c i t r a t e  
30 .cm  ̂ COg-free 
d i s t i l l e d  H^O
3
The mixture was shaken vigorously fo r  1 min in a 50 cm volumetric  
f la s k  and then allowed to stand with occasional shaking to  ensure
complete conversion of lead n i t r a t e  to c i t r a t e .  A f te r  30 mins,
3 3
8 cm of IN NaOH was added and the so lution  was made up to 50 cm
with fu r th e r  COg-free d i s t i l l e d  water.
5.1.1 Method o f  preparation
Treated f la x  cotyledons were b r ie f ly  dried on f i l t e r  paper before
being placed on dental wax with a few drops o f GDA so lu t io n . The
2
plant m ateria l was cut in to  1 mm sections and placed in  specimen 
tubes with a few cm of GDA. The tubes were placed in  a vacuum 
u n t i l  a l l  the sections sank, to ensure complete penetration  o f  
the f ix a t i v e .  The sections were-then transferred  to  fresh f ix a t iv e  
and were then incubated a t  room temperature fo r  30 min on a 
ro ta to r .  A f te r  removal from the GDA, the sections were washed 
with 3 x 5  min changes of 0.05M phosphate b u ffe r ,  pH 7 .0  and 
then post f ixed  in OsO  ̂ fo r  1 h at room temperature on the 
ro ta to r .  Following th is  incubation, OsO  ̂ was removed by 2 x 5 min 
changes of phosphate buffer and one 5 min wash in d i s t i l l e d  
water. The sections were then dehydrated in an acetone series  
(15%, 50%, 100%). The lower concentration washes were o f 5 min
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duration , but the sections were subjected to  3 x 5 min changes 
of 100% acetone. The lowest acetone concentration also contained 
1% uranyl acetate.
The sections were transferred  to Spurr's res in  and incubated 
overnight a t  room temperature on the r o ta to r ,  to a llow  complete 
i n f i l t r a t i o n  by the res in . The sections were then removed to 
f l a t  embedding moulds with fu r th e r  res in  and incubated a t  60°C 
fo r  7.2h.
The resin  blocks were trimmed w ith  a razor blade to expose the 
l e a f  specimen and sections were cut on a Reichert (A u str ia )
OMU ultram icrotone using a glass kn ife . The cut sections were 
released from the kn ife  edge and were b r ie f l y  stretched by 
chloroform vapour before mounting on copper g r ids .
The mounted sections were stained as fo llo w s , a f t e r  cen tr ifug ing  
the sta ins immediately p r io r  to use. Drops o f  uranyl acetate  
were placed on dental wax and the grids were inverted  and placed 
on the s ta in  fo r  7 .5  min. A f te r  washing in 50% methanol, the 
grids were rinsed in three chnages o f  COg-free d i s t i l l e d  water. 
The sections were then stained with lead c i t r a t e  fo r  7 .5  min as 
described previously. Solid NaOH was present in the s ta in ing  dish 
to prevent COg reacting with the s ta in  to form lead carbonate. 
A fte r  three washes in  CO^-free d i s t i l l e d  w ater, the grids were 
b lo tted  dry and stored in grid boxes.
5 .1 .2  Specimen examination
The sections were viewed in a Jeol lOOCX transmission e lectron  
microscope and micrographs were recorded on Kodak 4489 electron  
microscope f i lm  (Estar th ick base), which was developed in PQ
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Universal developer d i lu te d  1:15 with water and f ixed  in  Hypam 
d ilu ted  1 : 8  w ith water.
5.2 Sample Preparation fo r  EDAX and STEM Analysis
Treated f la x  cotyledons were manipulated as described in  the pre­
ceding sections with the fo llow ing m odifications. Vacuum i n f i l ­
t ra t io n  by GDA was replaced by a longer incubation (1 .5h) a t  
room temperature. The post f ix a t io n  step was omitted and the sections  
were dehydrated by 3 x 5 min changes o f  2,2-dimethoxypropane (TAAB). 
The sections were then mounted in res in  and sections were cut as 
before, but mounted on nylon grids impregnated with t itan ium .
5.2.1 Specimen examination and analysis
The sections were viewed using a Jeol 100 CX electron microscope 
f i t t e d  fo r  STEM. Both stained and unstained sections were examined. 
The nylon grids were mounted on a beryllium  holder. The d is t r ib u t io n  
of PA-Cu was determined by e lectron dispersive X-ray analysis (EDAX) 
of the copper in the complex.
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6 .  ELECTROCHEMICAL REDUCTION OF REDOX COMPOUNDS
The apparatus used to study the reduction o f a number o f  redox 
compounds in the absence o f  oxygen is  shown in F ig .  2 .1 ;  The 
function of the system was to a llow  the contro lled  reduction of a 
compound in the complete absence o f  oxygen and to permit any 
associated spectral d ifferences to  be detected. The apparatus 
was constructed almost e n t i r e ly  o f  glass w ith the minimum of p la s t ic  
tubing, as oxygen was shown to pass through the p la s t ic  in a very 
short time.
The reduction o f  the m ateria l under in ves tig a t io n  was performed in 
the reaction  chamber and a p o s it iv e  pressure of oxygen-free argon 
(from reduced paraquat scrubbers) was used to expel a sample of  
the reaction  mixture from the chamber, and v ia  the spectrophoto­
metric flow c e l l  in to  the large rese rv o ir .  This was returned to 
the main reaction  chamber a f te r  equalising the pressure in both 
vessels. Oxygen-saturated d i s t i l l e d  water entered the chamber from 
a small, ca lib ra ted  rese rv o ir .  This rese rvo ir  was also used in 
chemical reductions to accommodate solutions of sodium d i th io n i te .
Electrochemical reductions were performed using a p o ten tio s ta t  
l inked to an in te g ra to r  which indicated the to ta l  charge applied.
The reference and secondary electrodes were contained in  small 
p la s t ic  tubes dipping in to  the reaction  mixture. A Vycor d isc ,  
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Fig.2.1 Reduction apparatus
8 0 .
6 .1  C h em ic a l  R e d u c t io n  w i t h  NagSgO^
The composition of the reaction  mixture was as fo llow s:
. -A
2.5 X 10 M redox compound 
IM ' . KOI
1 X 10 buffer
3deoxygenated d i s t i l l e d  water to  200  cm
3
Sodium d i th io n i te  was dissolved in 1 cm of IN NaOH and d ilu ted
3 '
to 5 cm with deoxygenated d i s t i l l e d  water. A f te r  adding the 
above components to the reaction chamber, the system was evacuated 
three times. Oxygen-free argon was admitted to re turn  the system 
to atmospheric pressure a f te r  each evacuation. The sodium d ith io n ite  
solu tion  was added in a liquots o f  4 drops (corresponding to 12 
ymoles NagSgOg). A fte r  mixing, the spectrophotometric flow ce ll  
was flushed three times with reaction  m ixture p r io r  to spectral 
scanning in the range 200-700 nm in a Pye Uni cam SPIBOO spectro­
photometer. During chemical reduction s tud ies, the electrodes  
shown in Fig. 2.1 were replaced by a probe which permitted the 
poten tia l o f  the reaction mixture to  be determined.
6.2  Potentiometric Reduction
The composition of the reaction mixture fo r  potentiom etric  re­
duction studies is  given in the preceding section. Oxygen was 
elim inated from the system and the po ten tia l  across the reaction
*Bicarbonate buffer was used at high pH, otherwise phosphate 
b u ffe r  was employed.
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mixture was increased in increments o f  25 mV. The corresponding 
c e ll  current values were noted and p lo tted  against the applied  
p o te n t ia l .  The re s u lta n t  curve ind icated the reduction pattern  
of the compound under in ves tig a t io n  and was used to determine 
the applied po ten tia l  required to  reduce the compound to  i t s  
f i r s t  s tab le reduction s ta te .
Using a fresh reaction  m ixture, the applied potentia l was kept 
constant a t  the value determined above and the c e l l  current was 
plotted  against the to ta l  charge applied to  the system. From t h is ,  
the amount o f charge required to h a l f  reduce the compound was 
established. During th is  reduction , the reaction mixture was 
scanned at 200-700 nm.
The reduction above was repeated with fresh reaction mixture  
u n t i l  the to ta l  applied charge was equal to  tha t  required to  
h a l f  reduce the compound, i . e .  the point a t  which maximum semi- 
quinone formation occurred. Oxygen-saturated d i s t i l l e d  water 
was then admitted to the system and the associated spectral 
changes were followed.
6 .3  Analysis o f Reduction Curves
The reduction curves were analysed with the aid o f  a Fortran IV 
computer program, based on a CSMP package. This optimised the 
experimental reduction values and calcu lated  the ex t in c t io n  co­
e f f ic ie n ts  o f  the compound under in ves tig a t io n  in i t s  oxid ised,  
semiquinone and reduced forms. The ra te  constant fo r  the  




1. MEDIATION OF OXYGEN REDUCTION BY REDOX COMPOUNDS
1.1 Studies with Iso la ted  Chloroplasts
A large range of compounds was investigated  to determine th e i r  a b i l i t y  
to stim ulate ch lo rop las tic  oxygen reduction. Various chemical types 
were studied and selected according to  th e i r  one-electron redox 
potentia l (E-|) The reducing side o f PSI is  believed to have 
a po ten tia l  of about-0.55 V (Zweig and Awron, 1965; Zweig 
e t a l . ,  1965), while th a t  o f the Og/Og' couple is  -0.16V.
Thus, i t  would be expected th a t  a po ten tia l mediator o f  photo­
synthetic  oxygen reduction should possess a redox potentia l between 
these two values. I t  was hoped th a t  a comparison of compounds 
with a range of E-j values would in d ic a te  the re la tionsh ip  between 
redox po ten tia l  and an a b i l i t y  to  catalyse oxygen reduction in  
iso la ted  ch loroplasts.
The resu lts  from th is  survey are summarised in Table 2. The 
rates shown are the means of a t  le a s t  three experiments. Time 
courses of the formation of both products of oxygen reduction are 
given in  the Appendix. I t  is  apparent from the tabulated  
resu lts  th a t  there is no d ire c t  re la t io n s h ip  between the E-j values 
of the compounds and the experimental data. However, those com­
pounds which produced superoxide and hydrogen peroxide a t  high 
rates generally  possessed E-j values of between approximately 
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as i t  implies th a t  the reducing side o f  PSI has a po ten tia l  o f at  
leas t  -0 .64V , otherwise the compound with th is  Ey value ( te traq u a t)  
would not be photosynthetica lly  reducible . Trimethyl benzene 
(E.J = -0 .86V) was not reduced by iso lated  chloroplasts and thus 
the PSI reducing po ten tia l  appears to  l i e  between -0.64V and -0 .86V ,  
as deduced from th is  study.
The re la t io n s h ip  between oxygen uptake by iso la ted  chloroplasts  
and superoxide formation is  shown in Fig. 3 . 1.  A value fo r  the 
stoichiometry of oxygen uptake to  superoxide formation was c a l ­
culated to be 2 .03 :1 .  This is  about twice the predicted f ig u re  
(H a l l ,  1976) and may r e f le c t  the occurrence o f reactions competing 
with the assay. There does not appear to be a d ire c t  re la t io n sh ip  
between oxygen uptake and hydrogen peroxide production (F ig . 3 . 2 ) .  
S im ila r ly ,  superoxide formation did not c o rre la te  with hydrogen 
peroxide generation ( f ig u re  not shown). I t  may be in fered from 
th is  th a t  superoxide e i th e r  underwent subsequent reaction  o f  
which hydrogen peroxide was not a product, or th a t  th is  more 
reduced oxygen species was formed v ia  reactions independent o f a 
superoxide interm ediate. The in te ra c t io n  o f  ce rta in  compounds 
such as DIMEB with photosynthetic electron transport has been 
demonstrated to re s u lt  in the formation of hydrogen peroxide 
which was not derived from superoxide dismutation or dependent 
reactions (E ls tner and Frommeyer, 1978a, b ). Superoxide is  
known to reduce qui nones and certa in  n itro  compounds (Poupko 
and Rosenthal, 1973), becoming oxidised to dioxygen in the 
process. A d d it io n a l ly ,  in a ch loroplast system, superoxide was 
shown to oxidise o-diphenols to the semiquinone form and was 
i t s e l f  reduced to hydrogen peroxide (E ls tn e r ,  Konze, Selman and
8 6 ,
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Fig. 3 . ] .  Superoxide formation by iso la ted  chloroplasts  
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Fig. 3 .2 .  Hydrogen peroxide production by iso la ted  chloroplasts  
mediated by redox compounds.
8 8 .
S to f fe r ,  1976; E ls tner  and Frommeyer, 1978b). Thus, in  view of 
these possible side reactions involving superoxide and hydrogen 
peroxide and also the wide range o f chemical types in ves t ig a ted ,  
i t  is  understandable th a t  the stoichiometry of these products 
varied according to the compound under te s t .
1.2 Oxygen Exchange by Asparagus Mesophyll Cells
A number of the compounds described in the previous section were 
investigated fo r  th e i r  e f fe c t  on iso la ted  mesophyll c e l ls  o f  
asparagus. The compounds selected fo r  fu r th e r  inves tiga t ion  were 
those which were ac t ive  in the ch lorop last studies on oxygen a c t i ­
vation. PMS was also included as th is  has been shown to be re ­
duced j j i  v j t r o  by NÂDH and was reoxidised to form superoxide 
(J.A. Farrington^ personal communication). Although the b ip y r id y ls  
showed high a c t iv i t y  in the previous te s ts ,  they were omitted from 
th is  survey as they had previously been shown to require exceptionally  
long incubation times in th is  assay (M. Evans, personal communi­
c a t io n ) .  Oxygen exchange was determined in the presence o f the 
compound under in v e s t ig a t io n , w ith and without a preincubation  
period w ith the compound. This procedure was adopted to determine 
immediate e f fe c ts  of the compound and also longer term e f fe c ts  
due to a slow ra te  of uptake by the c e l ls  or a decreased ra te  
of in te ra c tio n  with photosynthesis. A fu r th e r  study involved  
preincubation of the c e l ls  w ith  the compound of in te re s t ,  followed  
by sedimentation of the c e l ls  and add ition  of a fresh a l iq u o t  of  
the compound. The results  o f these various treatments on oxygen 
exchange by asparagus c e l ls  is shown in Table 3. The compounds
89,
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may be classed according to th e i r  e f fe c ts  on oxygen exchange as 
fo llows:
1) Compounds which.exerted an immediate e f fe c t  which was 
maintained throughout the preincubation period. The main example 
of th is  type was anthraquinone-2-sulphonate, which was not p a r t i ­
cu la r ly  ac tive  in  th is  assay. Indigo disulphonate also appeared 
to act in a s im ila r  manner and again possessed low a c t i v i t y .
These compounds thus appeared to be able to  penetrate the c e l l  
and ra p id ly  cross the ch lorop last membranes, but were only 
s l ig h t ly  e f fe c t iv e  in stim ulating  oxygen uptake.
2) Compounds which produced an immediate e f f e c t ,  but which 
decreased upon prolonged incubation. The four compounds which 
f e l l  in to  th is  category were m-nitroacetophenone, PMS, duroquinone 
and menadione , the la s t  three o f which were remarkably ac t iv e .
With the exception o f  menadione, these compounds i n i t i a l l y  stimu­
lated oxygen uptake, but th is  was decreased by a preincubation  
period. However, the add it ion  of fresh compound a f te r  the period 
of preincubation resulted  in a s im ila r  s tim ulation  to  tha t i n i ­
t i a l l y  observed. This may in d ica te  th a t  although these compounds 
i n i t i a l l y  a ffected  oxygen exchange, the asparagus c e l l  or 
chloroplast was capable of causing in a c t iv a t io n ,  metabolism to  
inac t ive  products or by removal from the ac t iv e  s i t e .  Menadione 
caused the greatest s tim ulation  o f  oxygen uptake which was also
a short term e f fe c t ,  but in the case o f  th is  compound, a subse­
quent add ition  fo llow ing preincubation was of l i t t l e  e f fe c t .  I t  
is possible th a t  prolonged incubation o f  the c e l ls  w ith menadione 
led to a considerable impairment o f  the photosynthetic process. 
Thus, the decreased stim ulation o f oxygen uptake a f t e r  a period 
of preincubation was not due to metabolism of the compound, but
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re f le c te d  the reduced photosynthetic c a p a b i l i ty  o f  the c e l ls .
In th is  case, fu r th e r  add ition  of the compound produced l i t t l e  
e f fe c t  as photosynthesis was the l im i t in g  fa c to r ,  i t  is  possible  
tha t duroquinone and PMS have a l im ited  action in th is  way.
3) Compounds requiring  a period o f  incubation w ith the
asparagus ce l ls  before t h e i r  e ffe c ts  become evident. This group 
comprised the m ajo r ity  o f the compounds tested namely nitrobenzene, 
p-nitrobenzoic acid , 3 ,5 -d in itro b èn zo ic  ac id , 3 ,4 -d in itro b en zo ic  
acid , benzoquinone, neutral red, safranine and r ib o f la v in .  Each . 
of these compounds exhibited l i t t l e  or no i n i t i a l  a c t i v i t y ,  
but appeared to stim ulate oxygen uptake a f t e r  the preincubation  
period. Further addition of the compound a f t e r  preincubation  
had l i t t l e  e f fe c t .  The most p laus ib le  explanation f o r  these 
observations is  tha t the uptake o f these compounds by the c e l ls  
was slow and hence i n i t i a l l y  they had l i t t l e  e f fe c t  on oxygen 
exchange. The procedure fo r  adding a second a l iq u o t  of compound 
to the c e l ls  involved removing the c e l ls  by b r ie f  c e n tr i fu g a t io n ,  
discarding the supernatant (containing thecompounds which had not 
penetrated the c e l l s ) ,  and resuspension in  b u ffe r  containing fresh  
compound. The fa c t  th a t  th is  treatment was without e f fe c t  on oxygen 
exchange in fers  th a t  the level o f compound inside the c e l l  and/or 
chloroplast remained constant. This also confirms the slow uptake 
of these compounds.
The only compound which did not f a l l  re a d ily  in to  one of these 
categories was m-dinitrobenzene, which exerted i t s  maximum e f fe c t  
a f te r  preincubation, followed by the add ition  of fresh compound.
I t  is possible th a t  th is  compound is  rap id ly  complexed w ith in  the 
c e l l  and thus greater concentrations need to be added before e f fe c ts
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on oxygen exchange are observable. I t  would also appear tha t  
m-dinitrobenzene was able to ra p id ly  penetrate the asparagus 
c e l ls .
1.3 E ffects  on a range of in ta c t  plants
The series o f compounds previously tested fo r  a c t i v i t y  in  
asparagus c e l ls  was examined fo r  general herb ic ida l e f fe c ts  on 
in ta c t  p lants . A range o f  s ix  crop plants was selected fo r  the 
study and included both monocotyledonous and dicotyledonous species 
From the resu lts  presented in Table 4. i t  is  apparent th a t  only 
three compounds possessed any s ig n i f ic a n t  herb ic ida l a c t i v i t y ,  
namely m-dinitrobenzene, PMS and menadione. These compounds also  
appeared to be f a i r l y  uniform with regard to t h e i r  species t o x ic i t y .  
S lig h t  phytotoxic a c t iv i t y  was observed w ith duroquinone, m -n itro -  
acetophenone and 3 ,5 -d in itro b en zo ic  acid . A q u a l i ta t iv e  analysis  
revealed s t r ik in g  s im i la r i t ie s  between the symptoms produced by 
a l l  the ac t iv e  compounds and those associated w ith paraquat t r e a t ­
ment. The less ac t ive  compounds produced damage which was mainly 
re s tr ic te d  to the le a f  margins. Chlorosis of le a f  t issue  was 
observed which was e n t i re ly  re s tr ic te d  to those plants treated  
with n i t r o  compounds, although i t  should be noted th a t  not a l l  
n i t r o  compounds produced chi o ro t ic  symptoms.
1.4 Physico-Chemical Considerations of Mediated Oxygen
Production.
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chloroplasts indicated th a t  the mechanism o f  reduction and sub­
sequent reoxidation  d if fe re d  from one compound to  another. This 
was demonstrated by the lack o f  c o rre la t io n  between the redox 
p o te n t ia l ,  E-j and the products of oxygen reduction , superoxide 
and hydrogen peroxide. The redox c h a ra c te r is t ic s  of the com­
pounds were investigated  fu r th e r  using chemical and e le c tro ­
chemical methods o f reduction.
In an i n i t i a l  series of experiments, sodium d i th io n i te  solution  
was used to chemically reduce the compounds. The use of th is  
reductant was re s tr ic te d  to high pH values as i t  was observed 
to decompose a t  neutral pH resu lt in g  in a c o l lo id a l  suspension 
of elemental sulphur. This prevented accurate spectrophotometric 
determination of the reduction curves f o r  a given compound. This 
problem was overcome by substitu ting  a potentiom etric  method of 
reduction fo r  the chemical procedure. In  add it ion  to the advan­
tage of perm itting reduction over a much g rea te r  pH range, th is  
p a r t ic u la r  method did not re s u lt  in any change o f  volume to the 
reaction mixture and hence the concentrations of a l l  components 
remained constant throughout the reduction.
The potentiom etric reduction curves fo r  several compounds are 
shown in  Figs. 3 . 3 -  3. 5. With the exception of the n i t ro  
compounds (F ig . 3 . 5 ) ,  the general form o f  the curves is s im ila r  
fo r  each compound. Reduction commences w ith  a r e la t iv e ly  constant 
c e l l  current a t  low applied po ten tia ls  and a f te r  a small r ise  
which indicates reduction of the compound, the c e l l  current  
reaches a plateau which is  maintained up to applied potentia ls  
of about 1000 mV. This second plateau represents the f i r s t  






- 2.0- 1.00 -0 .5  . -1 .5
A p p l i e d  p o t e n t i a l  ( v o l t s )
Fig. 3 .3 .  Potentiometric reduction of anthraquinone-2-sulphonate 












0 -0 .5 - 1.0 -1.5 - 2.0
A p p l i e d  p o t e n t i a l  ( v o l t s )
Fig. 3 .4 . Potentiometric reduction o f indigo disulphonate (a)  

















0 -0 .5 - 2.0-1.5- 1.0
A p p l i e d  p o t e n t i a l  ( v o l t s )
Fig . 3 .5 .  Potentiometric reduction of p -n itro a c e ta n i l id e  (a) 
and m-nitroacetophenone (b ).
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current w ith  applied potentia ls  in  excess o f  about 1000 mV is  
due to  other complex reductions; possibly those o f the bu ffer
—  :
The n i t r o  compounds examined in th is  study did not show simple 
reduction c h a ra c te r is t ic s .  This was due to  the nature of the 
molecules which possessed two or more groups th a t  were reduced 
at or about the same applied p o te n t ia l .  This phenomenon is  
p a r t ic u la r ly  evident in the case o f  p -n i t ro a c e ta n i l id e  which 
exh ib its  four small plateaux over the applied p o ten t ia l  range 
675 -  950 mV. The aim of th is  i n i t i a l  series o f experiments was 
to determine the minimum applied p o ten tia l  necessary to  reduce 
the compounds to th e i r  f i r s t  s tab le  forms, i . e .  the lowest 
applied po ten tia l  which corresponded to the second c e l l  current  
plateau. This value could not be determined fo r  the n i t ro  
compounds investigated , due to the complexity o f  the reduction  
process. However, the r e la t iv e ly  simple reduction c h a ra c te r is t ics  
of the non-n itro  compounds permitted th is  applied p o ten tia l  value 
to be re a d i ly  determined. Since th is  value was required fo r  
the subsequent experiments, only the non -n itro  compounds could 
be investigated fu r th e r .
The charge required to reduce the compound was determined by 
reduction a t  the minimum applied po ten tia l  value ascertained  
as previously described. The c e l l  current was p lo tted  against 
the to ta l  applied charge and was extrapolated to determine the 
charge required to reduce the compound to  i t s  f i r s t  s tab le  in te r ­
mediate (F igs. 3 .6  -  3. 7 ) .Thus, the amount o f charge to h a l f  
reduce the compound was deduced. This leve l of reduction  
corresponded to the maximum amount o f  any semiquinone present
99
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A p p l i e d  c h a r g e  ( c o u l o m b s )
Fig. 3 .6 . Decrease in c e l l  current during reduction of
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A p p l i e d  c h a n g e  ( c o u l o m b s )
Fig. 3 .7 .  Decrease irî c e l l  current during reduction o f indigo  
disulphonate (a) and neutral red (b ) .
1 0 1 .
and was th ere fo re  the optimum value to use fo r  in ves tig a t in g  the 
reaction between the semiquinone form o f a compound and dioxygen.
As can be seén from Fig. 3 . 7 ,  the graphs fo r  indigo disulphonate  
and neutral red were less than ideal and extrapo la tion  to d e te r­
mine the to ta l  charge required fo r  reduction was not possible.
This was probably due to  the low p u r i ty  of the compounds (85%).
The resu lts  obtained with duroquinone and anthraquinone-2-sulphonate  
followed the predicted trend more c lose ly .
The course o f  reduction o f  the compounds was followed by discon­
tinuous spectrophotometric determinations. The spectral scans fo r  
anthraquinone-2-sulphonate and duroquinone are shown in Figs. 3 .8  
and 3 .9 .  Anthraquinone-2-sulphonate exhibited an isosbestic  
point in the v is ib le  region o f  the spectrum a t  360 nm. In order  
to determine whether th is  was due to semiquinone formation occur­
ring during the course of reduction, the experiment with anthra-  
quinone-2-sulphonate was repeated a t  pH 11.55; a t  which pH the 
semiquinone should be more stab le and therefore  more e as ily  
detectable . I t  can be seen in Fig. 3 .8 ,  tha t as reduction pro­
ceeds, there is  an i n i t i a l  absorbance increase at 360 nm followed  
by a decrease. This tends to ind ica te  the formation and subsequent 
reduction o f  the semiquinone form of anthraquinone-2-sulphonate. 
However, th is  was only observed a t elevated pH and thus the amount 
of semiquinone formed at more physiological pH values was exceed­
ingly small.
1.5 Concluding Section










Fig.3.9 Reduction Spectra of Duroquinone
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reduction in chloroplasts and to determine some c h a ra c te r is t ic s  
of various mediators. I t  was hoped th a t  i t  would be possible to  
pred ic t thé behaviour o f possible mediators based on t h e i r  E-j 
values and observations from physico-chemical reduction.
A high proportion of the compounds tested were able to stim ulate  
oxygen reduction in iso la ted  ch lo rop las ts , but th is  was not 
found to  be in a d i r e c t  re la t io n s h ip  to t h e i r  values. In
add ition  to  the reasons already mentioned, i t  is  possible tha t
the s i t e  o f  in te ra c t io n  o f  the mediators with the reducing side o f
PS I may not be qu ite  as accessible as previously supposed. Thus,
as well as requiring  an E-j value in the correct range, po ten tia l  
mediators might also need to possess a certa in  degree of l ip o -  
p h i l i c i t y  in order to be able to associate more in t im a te ly  with  
the thylakoid membrane. Thus, although the E-j value o f  a given 
compound may be o f  major importance in determining the a b i l i t y  to  
mediate oxygen reduction, maximum superoxide and hydrogen peroxide 
formation can only occur i f  the compound can f u l l y  in te ra c t  w ith  
PSI.
The series o f experiments with asparagus c e l ls  also indicated  
that o ther factors  beside Ê  values determined the r e a c t iv i t y  of  
a compound. I t  was found th a t  most compounds which were ac t ive  in 
the ch loroplast system also stimulated oxygen uptake in the 
asparagus c e l l  assay. However, i t  was not possible to  extrapo late  
the resu lts  in the ch loroplast assay to p red ic t the behaviour of 
compounds in the in ta c t  c e l ls .
The resu lts  from the in ta c t  p lan t screen r e f le c t  to some extent  
the observations o f the asparagus c e l l  assay although d ire c t
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extrapo la tion  is not possible. Although the phytotoxic symptoms 
were s im i la r ,  the visual e f fe c ts  may be derived via d i f fe r e n t  
mechanisms.
I t  had been envisaged th a t  the discrepancies between compounds 
observed in the biochemical assays would be resolved by in v e s t i ­
gating the actual mechanisms of reduction in  a purely chemical 
system. I t  had also been an tic ip a ted  th a t  in the complete 
absence o f  oxygen, the semiquinone forms of the compounds would 
be s u f f ic ie n t ly  stable to permit a con tro lled  reaction with  
oxygen, which would be slow enough to fo llo w  spectrophotometri-  
c a l ly .  Unfortunate ly , th is  was not found to be the case and 
although the apparatus employed was s a t is fa c to ry  fo r  performing 
reductions, i t  was not su itab le  fo r detecting the very rapid  
reoxidation  reactions o f semi qui nones.
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2 .  HERBICIDAL ASPECTS OF THE MECHANISM OF PARAQUAT ACTION
I l lum ina ted  ch loroplast lamellae produce superoxide via photo­
synthetic  e lectron transport and th is  is  stimulated by paraquat 
(A llen  and H a l l ,  1973; Epel and Neumann, 1973) and other compounds
possessing a low redox poten tia l  (see Section 1 .1 ) .  This stim ul­
ation was abolished by SOD and a low molecular weight compound, 
penicillam ine-copper complex (PA-Cu). The reaction of C u ( I I )  
with D -p e n ic i l lamine resu lts  in the formation o f a mixed valence 
C u ( I ) ,  C u ( I I )  c lu s te r  with a molecular weight of about 2200 
(Rupp and Weser, 1976; B irker and Freeman, 1977). This was
previously shown to  have s im ila r  properties  to Cu, Zn and Mn SOD
in ch loroplast reactions involving superoxide (Lengfelder and 
E ls tn e r ,  1978; Lengfelder, Fuchs,Younes and Weser, 1979).
Due to i t s  small molecular s ize and high water s o lu b i l i t y ,  i t  
might be expected to penetrate p lan t t issue with ease. Thus,
PA-Cu might prove to be a useful tool in  the determination of 
the ro le  o f superoxide in the herb ic ica l action of paraquat.
2.1 Pigment bleaching in  f la x  cotyledons
Chlorophyll bleaching is  one o f the most obvious phytotoxic  
symptoms of paraquat treatment (P la te  1 ) .  Fig. 3. 10 shows 
q u a n t i ta t iv e ly  th a t  PA-Cu markedly delayed the breakdown of 
chlorophyll induced by paraquat. I t  should be noted th a t  in  
i n i t i a l  experiments, PA-Cu and paraquat were applied to the f la x  
cotyledons a t  the same time. This procedure occasionally gave 
variab le  results  which were overcome in subsequent experiments 
by delaying the addition of paraquat by 24h. This allowed 
PA-Cu to penetrate the le a f  t issue  and thus be present at the
1 0 1
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s i te  o f paraquat action before the herbicide could exert i t s  
e f fe c t .  A ll  resu lts  shown with f la x  cotyledons were w ith  th is  
modified incubation.
The breakdown of carotenoid pigments in the water control was 
maintained a t a very low level through the 72h i l lu m in a tio n  period  
(F ig . 3 .1 1 ) . ,  In con tras t, the presence o f paraquat g re a t ly  in ­
creased pigment destruction . The add itional presence o f  PA-Cu 
retarded the destruction o f carotenoid pigments. Although the 
leve ls  o f a l l  pigments decreased w ith  paraquat treatm ent, the 
carotenes were more markedly a ffected  than the xanthophylls 
and th is  was also observed in paraquat(PA-Cu treated  t issu e .
The res tra in in g  action o f PA-Cu was most evident in  the leve ls  
of neoxanthin, lu te in  and zeaxanthin and to  a lesser extent in  
the case o f v io laxanthin  and the carotenes. In the presence of 
paraquat, 95% o f the carotenes were destroyed, but the add itional  
presence o f PA-Cu l im ited  the breakdown to 83%. In the combined 
case of the xanthophylls, 85% were destroyed by paraquat alone, 
but the decrease was reduced to 26% by the add it iona l presence 
of PA-Cu.
2.2 Ethane Generation
The release o f ethane from animal t issue was shown to  be derived  
from l ip id  peroxidation reactions (R ie ly ,  Cohen and Lieberman, 
1974). I t  has since been proposed as a marker o f  unsaturated 
f a t ty  acid peroxidation in plants (Konze and E ls tn e r ,  1978; 
Montaib in i ,  Koch, Burba and E ls tn er , 1978) and as an in d ica t io n  
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Fi g. 3 .11. Carotenoid content o f f la x  cotyledons treated  with  
water ( a ) ,  paraquat (b) and PA-Cu/paraquat (c ) .  
A-Aot and 3-carotenes, ■—■ lu te in  and zeaxanthin, 
v io laxan th in , • —•neoxanthin.
I l l
One o f  the ear ly  e f fe c ts  of paraquat action is the i n i t i a t i o n  
of l ip id  peroxidation reactions (Harris  and Dodge, 1972b). Fig. 
3 .12  shows the release o f ethane from f la x  cotyledons. No ethane 
was produced in the water co n tro l ,  but paraquat treatment resulted  
in  ear ly  detection of the hydrocarbon, which increased exponen­
t i a l l y  during the course of the experiment. The e f fe c t  o f  PA-Cu 
on paraquat-dependent ethane evolution was to conspicuously 
reduce the ra te  o f  evo lu tion . Until  about 60h i l lu m in a t io n ,  
the level o f ethane in the presence o f  both paraquat and PA-Cu was 
approximately 50% of th a t  resu lt in g  from cotyledons treated  with  
paraquat alone. The add itional presence o f  PA-Cu also prevented 
the rapid increase in the ra te  o f ethane evolution observed a f te r  
th is  time. As l ip id  peroxidation is  known to involve fre e  radical  
mediated chain reactions (Mead, 1976), only a small f ra c t io n  o f  
rad icals  need to be formed fo r  l ip id  degradation to occur. Thus 
PA-Cu would have to  be t o t a l l y  e f fe c t iv e  in scavening a l l  the 
superoxide produced as a consequence o f paraquat treatment in  
order to prevent the in s t ig a t io n  o f l ip id  fre e  rad ica l generation.
2.3 Unsaturated Fatty  Acid Levels in  the Chloroplast
The demonstration o f ethane evolution from paraquat trea ted  f la x  
cotyledons suggested th a t  l ip id  peroxidation was occurring.
The f a t t y  acids from chloroplasts iso lated  from treated  tissue  
were analysed to determine whether ethane evolution was t ru ly  
in d ic a t ive  o f l ip id  peroxidation induced by herb ic ide treatment. 
Flax cotyledons possess large quantit ies  o f  the unsaturated  
l in o le ic  and l in o le n ic  acids (18:2 and 18:3) and paraquat 
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in the ch lorop last. A f te r  48h, the 18:3 content o f f la x  
chloroplasts decreased by 50% (F ig . 3 . 1 3 ) . PA-Cu decreased the 
ra te  o f  18:3 breakdown and a f t e r  48h, only 24% had been destroyed. 
Qver the same time period, the loss o f  th is  f a t t y  acid in the 
control was 12%. A f te r  th is  tim e, PA-Cu appeared to  have l i t t l e  
e f fe c t  on the ra te  o f breakdown o f  18:3 acid in the presence of  
paraquat. Herbicide treatment also appeared to  re s u l t  in a 
general decrease o f other f a t t y  acids including f u l l y  saturated  
types.
This e f fe c t  was less marked in the presence o f  PA-Cu. These studies 
indicated tha t  the decrease in tr iunsatu ra ted  f a t t y  acid corre­
la ted  with the r is e  in ethane evo lution . Thus, the measurement 
of th is  hydrocarbon gas appears to  be a useful non-destructive  
method fo r  fo llow ing herbicide induced p lan t damage.
2 .4  Hydrogen Peroxide Production in  Treated Flax Cotyledons
Hydrogen peroxide was o r ig in a l ly  believed to be the agent respon­
s ib le  fo r  the herb ic idal action o f paraquat (Dodge, 1971). More 
re ce n tly ,  superoxide has been implicated (Farring ton e t  a l . ,  1973) 
and the previous sections have described studies in which paraquat 
action was in h ib ite d  by the use o f  a superoxide scavenger.
The dismutation o f superoxide resu lts  in the formation o f hydrogen 
peroxide and so the action of SOD or compounds with SOD a c t iv i t y  
should stim ulate hydrogen peroxide formation.
The treatment of f la x  cotyledons with paraquat led to an increased 
accumulation o f hydrogen peroxide (Table 5) and the add it iona l  


















I n c u b a t i o n  t i m e  ( h )
Fig. 3 .13. Fatty  acid leve ls  of chloroplasts iso lated  from 
f la x  cotyledons trea ted  w ith  water ( a ) ,  paraquat 
(b) and PA-Cu/paraquat ( c ) .  •  18:3i_
18:2, A-T618:0, 16:0.
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Table 5. Hydrogen Peroxide Content o f  Treated Flax Cotyledons
TREATMENT
-1
ymoles HgOg g F.W.
HgO Control 0.34
Paraquat 10 1.15
Paraquat + PA-Cu (SOU) 1.31
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r e la t iv e  leve ls  o f hydrogen peroxide in the various treatments  
did not co rre la te  with other parameters o f  p h y to to x ic ity  and 
th ere fo re  i t  appears u n like ly  th a t  t h is  species is  o f primary 
importance in the mechanism of paraquat ac t io n . However, th is  
does not e lim inate  the p o s s ib i l i ty  th a t  hydrogen peroxide plays 
a secondary role,pprhaps a f te r  c e r ta in  i n i t i a l  reactions have 
occurred.
2 .5  U ltra s tru c tu re  of Treated Flax Cotyledons
The u ltra s tru c tu ra l  appearance o f 7 day old f la x  cotyledons (P late  
2 ) ,  showed that the ce l ls  were highly vacuolated and the cytoplasmic 
components were confined to the c e l l  wall regions. The chloroplasts  
were genera lly  discoid in shape and contained prominent starch  
grains and thylakoid systems. The in te rg rana l membrane network 
was c le a r ly  v is ib le  in addition to the granal stacks.
The e f fe c t  of 12h paraquat treatment on the u ltra s tru c tu re  of  
f la x  chloroplasts is shown in P la te  3. The swollen appearance 
o f the organelle is  immediately apparent. The membranes forming 
the granal stacks have separated although i t  is  s t i l l  possible to  
discern the o r ig in a l granal locations. Numerous la rge  starch  
grains are present and have resulted  in a d is to r t io n  in the 
shape of the ch loroplast. This phenomenon bears a resemblance 
to water treated f la x  cotyledons incubated under high l ig h t  
in te n s i ty  ( P a l le t t ,  1978). However, the granal stacks were shown 
to be s t i l l  r e la t iv e ly  in ta c t  even a f te r  72h ,un like  the paraquat 




Plate 2. 7 day old Flax cotyledon
n
Plate 3. PQ treated flax
m
Plate 4. PQ/PA-Cu treated flax
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Treatment of f lax  cotyledons with paraquat and PA-Cu caused 
s ig n if ican tly  less v is ib le  damage to the chloroplast (Plate 4).  
Swelling of the organelle was considerably reduced and the thylakoid 
system remained intact with t ig h t granal stacking. There were fewer 
starch grains present, although th e ir  s ize is approximately the same 
as those observed in paraquat treated tissue. Some distortion  
of the chloroplast shape is ev ident, but th is  is less severe than 
in the previous treatment. The chloroplast envelope and tonoplast 
were s t i l l  in tac t,  whereas treatment with the herbicide alone 
invariably resulted in d isintegration of these membranes. This 
is in agreement with e a r l ie r  observations that tonoplast and 
plasmalemma deterioration were among the f i r s t  v is ib le  signs of 
paraquat damage (Harris and Dodge, 1972a).
2.6 Cellular Distribution of PA-Cu
The d istribution  of PA-Cu in f la x  cotyledonary tissue was in ­
vestigated in order to determine movement characteristics of 
superoxide. Various regions of f la x  ce lls  were scanned under the 
electron microscope coupled to an EDAX system, adjusted to 
detect copper atoms. An analysis of the resin background is 
shown in Plate 5. The peaks occurring at = 0.45 and = 0.8  
correspond to titanium and copper respectively, both of which were 
present as components of the support grid. Plate 6 shows an 
analysis of the granal region o f the chloroplast. The copper 
peak (K^ = 0.8) is markedly increased and is the most abundant 
metal ion present. A specimen of f la x  tissue was examined which 
had previously been treated with D -pen ic il lamine and no increase 
in the copper peak was observed. Thus, i t  would appear that the
124.
0.45 0.8
Plate 5. EDAX of D-penicillamine treated flax
Plate 6. EDAX of PA-Cu treated flax
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copper increase was due to the PA-Cu complex. Similar analyses 
were performed in e ith e r  regions of the ce ll and the d is tr ibu tio n  
of copper appeared f a i r l y  uniform throughout the tissue. This 
was ve r if ied  by scanning complete c e l ls  of f la x . fo r  copper using 
a narrow bandwidth of K = 0 .8  ± 0.01. I t  can be concluded that  
the PA-Cu complex readily  entered f la x  cotyledon tissue and 
distributed i t s e l f  uniformly throughout the cell including the 
chloroplast. Thus, th is  study revealed the penetrating a b i l i t y  
of PA-Cu, but was obviously unable to reveal any information re ­
garding the m obility  of superoxide.
2.7 Concluding Section
The phytotoxicity of paraquat originates in the chloroplast where 
i t  competes with NADP for electrons emanating from the primary 
acceptor of PSI. Although the lack o f  NADPH would u ltim ately  
lead to an inh ib it io no f COg f ix a t io n ,  i t  was realised in previous 
studies that plant starvation due to a paucity of elaborated 
carbon was not a primary fac to r  in the action of paraquat 
(Dodge, 1971). Hydrogen peroxide and superoxide have both been
implicated in the phytotoxic action o f paraquat (Davenport,
1963; Dodge, 1971; Farrington et a l . , 1973) and the importance 
of each has been investigated here.The presence of PA-Cu markedly 
inhib ited the effects of paraquat action, presumably by i ts
g
a b i l i t y  to react readily and s p e c if ic a l ly  with superoxide (k = 10 
M~^s”  ̂ (Lengfelder, Saran and Bors, 1977; Lengfelder and Elstner,
1978)). The only occasion when PA-Cu did not in h ib it  the action  
of paraquat was in the production of hydrogen peroxide. This
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implies th a t  hydrogen peroxide is  not a primary agent in thé 
mechanism of paraquat p h y to to x ic ity .  By con tras t ,  superoxide 
appears to play a centra l r o le ,  as indicated by the protection  
afforded to  f la x  cotyledon tissue by the Superoxide scavenger, 
PA-Cu. This does not necessarily  imply th a t  superoxide is the 
causative species in the ensuing damage reac tions , especia lly  
as i t  is  believed to  possess in s u f f ic ie n t  r e a c t iv i t y  to  act as an 
i n i t i a t o r  (Bors ^  ,1979a). I t  is  thought tha t  s in g le t
oxygen and possibly the hydroxyl rad ical are more l ik e ly  
candidates in in i t i a t in g  l ip id  peroxidation (Rawls and Van Santen, 
1970). S im ila r ly ,  the photobleaching of both chlorophyll and 
carotenoid pigments has been shown to  occur through the agency 
of s in g le t  oxygen (Anderson and Krinsky, 1973), although 
evidence has been presented (Reiser and Yang, 1978), th a t  ch lor­
ophyll is  destroyed by alkoxy rad ica ls  w ithout the d ire c t  in ­
volvement of oxygen. However, the resu lts  presented here 
ind ica te  th a t  superoxide does play a ro le  in the photooxidation 
of the photosynthetic pigments, although i t  is  possible that  
some bleaching is  linked to reactions o f  l ip id  degradation.
Oxygen is probably more important in the i n i t i a l  stages of  
pigment breakdown, but i t s  e f fe c t  may be augmented by l ip id  
rad icals  once f a t t y  acid peroxidation has been in s t ig a ted .
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3 .  DETERMINATION OF THE ROLE OF OXYGEN IN  ETHYLENE AND
ETHANE FORMATION
3.1 Oxygen and Ethylene Formation
The simple unsaturated hydrocarbon ethylene, is  produced by p lan t  
tissue in response to  a v a r ie ty  o f  s tim uli (Lieberman, 1979;
Yang and P r a t t ,  1978). Methionine has been shown to  act as a 
substrate in model systems (Lieberman, Kunishi, Mapson and Wardale, 
1965, 1966; Yang, Ku and P r a t t ,  1966) and in vivo (Burg and 
C lag e tt ,  1967; Lieberman, 1975). The conversion o f  th is  amino 
acid (and analogues) to  ethylene requires oxygen (Lieberman 
1966) and is  known to occur via f ree  radical reactions involving  
superoxide and hydrogen peroxide (Beauchamp and Fr idov ich , 1970).
I t  was o r ig in a l ly  believed th a t  these species combined to  form the 
highly reac tive  hydroxyl ra d ic a l ,  but recent studies have shown 
that the oxidation of methionine or methional is  not simply 
mediated by th is  rad ica l (Bors, Lengfelder, Saran, Fuchs and 
Michel, 1976; Pryor and Tang, 1978). The ro le  o f  a c t iv e  oxygen 
in ethylene formation was investigated in ch lorop last model systems
Ethylene production by iso la ted  Chloroplast lamellae was stimulated  
by the add ition  of methionine and pyridoxal phosphate and was 
fu r th e r  enhanced by the presence o f ferredoxin (Table 6 ) ,  in  
agreement with previous reports (E ls tner and Konze, 1974a,b;
Konze and E ls tner , 1976). In the absence of methionine and p y r i ­
doxal phosphate, the e f fe c t  o f  other additions was n e g lig ib le  
except in the cases o f PA-Cu and PA-Cu/paraquat, where a s l ig h t  
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of ferredoxin w ith other additions showed l i t t l e  e f fe c t  on the 
formation o f  ethylene.
A comparison o f the e f fe c ts  o f various additions in the presence 
of methionine and pyridoxal phosphate revealed th a t  a stim ulation  
of ethylene production only occurred when SOD or PA-Cu was present. 
This fea tu re  has been used as a p o s it iv e  assay fo r  compounds with  
SOD a c t iv i t y  (Lengfelder and E ls tn e r ,  1978). Catalase, in  con­
t r a s t ,  in h ib ited  ethylene production (Konze, 1977), as did para­
quat, except when added in conjunction with PA-Cu when i t  enhanced 
formation. The e f fe c t  o f  the various additions followed a s im ila r  
pattern in  the combined presence o f  methionine, pyridoxal phosphate 
and ferredoxin . However, in th is  case paraquat tended to  in h ib i t  
ethylene production. This ind icates  th a t  the endogenous e lectron  
acceptor is  the preferred mediator o f  ethylene formation. SOD 
active  compounds were also found to  stim ulate the fe rre d o x in -  
mediated reaction.
I t  was o r ig in a l ly  proposed th a t  ethylene formation from methionine 
and methional involved the p a r t ic ip a t io n  of hydroxyl rad ica ls  
formed via the Haber-Weiss reaction  (Eqn 25) (Beauchamp and 
Fridovich, 1970). This mechanism was based on the observation  
th a t  ethylene generation was in h ib ite d  by both SOD and catalase .
I f  th is  reaction occurs, i t  should be stimulated by low poten tia l  
acceptors such as paraquat, as pointed out by E ls tn e r ,  Saran,
Bors and Lengfelder (1978). The resu lts  presented here ind ica te  
th a t  the mechanism proposed by Beauchamp and Fridovich (1970) 
cannot explain ethylene production in  a model system. The 
stim ulation  by SOD (or PA-Cu) and the in h ib it io n  by catalase
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suggests th a t  hydrogen peroxide plays a major r o le ,  w h ile  super­
oxide is  not d i r e c t ly  involved, apart from dismutating to form 
hydrogen peroxide. These resu lts  are in  general agreement with  
those o f  E ls tn e r  âL (1978), Who proposed th a t  the oxidant
responsible fo r  ethylene formation is  derived from reduced f e r r e ­
doxin and hydrogen peroxide and is probably a Fenton^type oxidant,  
2+Fe .HgOg. This provides an explanation f o r  the s tim ulation  
of ethylene formation by ferredoxin and the in h ib ito ry  e f fe c t  
of paraquat. I t  also accounts for the e f fe c ts  observed w ith SOD, 
PA-Cu and cata lase .
3.2 Oxygen and Ethane Formation
The investiga tions  described in Section 2 .2  w ith f la x  cotyledons 
showed the evolution o f  ethane to  be a s e n s it iv e ,  non-destructive  
in d ica to r  o f  membrane damage instiga ted  by herbicide treatment. 
The ro le  o f superoxide was demonstrated using the scavenger, 
PA-Cu. Although other workers have investigated the mechanism 
of hydrocarbon gas production during l ip id  perox idation , most 
of these studies have been confined to animal tissue ( D i l l a r d ,  
Dumelin and Tappel, 1977; Dumelin, D i l la r d  and Tappel, 1978) 
or non-biological systems (Dumelin and Tappel, 1977). The 
mechanism o f ethane formation in a plant model system was in ­
vestigated using iso la ted  pea chloroplast lam ellae.
Table 7 c le a r ly  shows that the presence of a - l in o le n ic  acid  
stimulated ethane and ethylene formation ir re s p e c t iv e  o f  other 
additions. Other groups have also demonstrated th a t  a - l in o le n ic  
acid can act as a substrate fo r  ethane in p lan t homogenates and
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T a b le  7 .  E th a n e  P ro d u c t io n  by a  C h lo r o p la s t  M ode l S ys tem
ADDITIONS
■ ,
a -L in o le n ic  acid  
%  %
None 0 0 0 .8 1.3
Ferredoxin 0 0 T.3 1.4
Paraquat 0 0.4 0 .9 .5.0
DCMU 0 0.6 0.4 5 .3
Crocin 0 0 0 .8 1.3
PA-Cu 2.3 0.1 4.3 1 .0
PQ + DCMU 0 1.0 0 .8 4 .6
PQ + Crocin 0 0.3 0 .8 4.1
PQ + PA-Cu . 3.3 0.1 4 .5 2 .9
DABCO 0.1 0.3 0.5 2.7
DCMU + DABCO 0.1 1.1 0.7 5.2
PQ + DABCO 0.2 1.5 1.3 5.1
Conditions:
3
The reaction  mixture contained in  3 cm : 75 ymoles phosphate 
buffer pH 7 .8 ,  5 ymoles NH.CL, 5 ymoles MgClp» 3 ymoles NaN^» 100 yg 
ch lorophy ll ,  50 mg BSA and where present 10 ymoles a - l in o le m c  
acid , 30 nmoles fe rred o x in , 30 nmoles paraquat, 50 un its  PA-Cu,
60 nmoles DCMU, 0.3 ymoles DABCO, 0 .3  ymoles crocin
The reaction was conducted fo r  30 mins a t  22°C w ith  a l ig h t  
in te n s ity  of 30 Klux.
Hydrocarbon gas concentrations expressed in nmoles mg  ̂
chlorophyll h“ l .
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organelles (John and Cxirtis, 1977; Konze and E ls tn e r ,
1976, 1978; Montalbini ^  a j . t  1978). In the absence of  
a - l in o le n ic  ac id , there was l i t t l e  e f fe c t  w ith  the various 
other additions» although a s l ig h t  s t im u la tio n  o f  ethane 
formation was observed in  the presence o f paraquat, DCMU 
and DABCO. Ethylene was only detected in  the presence of 
PA-Cu and with DABCO, to a lesser ex ten t.  In the presence 
o f a - l in o le n ic  ac id , the e ffe c ts  of the other additions  
became more apparent, as both ethane and ethylene were 
detectable in the control treatments. The g reates t stimu­
la t io n  o f  ethane production was observed w ith  paraquat or 
DCMU, although th e i r  combined e f fe c t  was less than maximal.
The ro le  o f  active  oxygen species was in vestiga ted  using the 
scavengers, PA-Cu, DABCO and crocin (the water soluble  
digentiobiose es te r  of the carotenoid ac id ,  c ro c e t in ) .  The 
protection afforded by PA-Cu,both in  the presence and 
absence of paraquat indicates the involvement o f  superoxide 
in  the evolution of ethane from a - l in o le n ic  ac id . This is  
in good agreement w ith resu lts  from paraquat-induced  
photooxidation in subchloroplast p a r t ic le s  (E ls tn e r ,  Lengfelder 
and Kwiatkowski, 1980). Carotenoid pigments are well known 
scavengers o f  s in g le t  oxygen (Foote and Denny, 1968;
Anderson and Krinsky, 1973) and i t  was found th a t  crocin 
in h ib ite d  ethane formation in  the presence of paraquat, as 
also reported fo r  Euglena g r a c i l is  homogenates (E ls tn er  
and Osswald, 1980). Another proposed s in g le t  oxygen 
quencher, DABCO (Ouannes and Wilson, 1968) was also  
examined fo r  i t s  e f fe c t .  In the absence o f  other add itions.
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DABCO was found to  stim ulate  ethane production, irresp ec tive  
of the presence o f  the f a t t y  acid substrate. However, in  
combination with.DCMU or paraquat, no a d d it iv e  e f fe c t  was 
observed, as compared to  the herb ic ide alone. Thus, in th is  
system, DABÇ0 was unable to  scavenge s in g le t  oxygen, but 
exerted a stim ulatory e f fe c t  on ethane formation. The 
structure  o f the DABCO molecule suggests th a t  i t  might in te r ­
act w ith  membranes and perhaps render them more susceptible  
to  a ttack . The e f fe c t  o f  DABCO reported here is  in marked 
contrast to  previous studies where i t  proved to be a potent 
in h ib i to r  of l ip id  peroxidation (Takahama, 1978).
Ethylene formation by iso la ted  ch lorop last lamellae in the 
presence o f  a - l in o le n ic  acid was enhanced, although not to  
such an extent as ethane. I t  was noted th a t  the additional  
presence o f ferredoxin stimulated ethylene production, while  
ethane formation was unaffected. When ferredoxin was 
replaced by paraquat as the e lectron  acceptor, the reverse  
s itu a t io n  was observed. Thus, although a - l in o le n ic  acid can 
serve as a substrate fo r  both ethane and ethylene, the 
mechanisms of formation of each hydrocarbon gas are 
d i f fe r e n t  as evinced by d is s im ila r  e lectron  acceptor re ­
quirements.
3.3 Concluding Section
Plants have long been known to  produce small qu an tit ies  of 
the simple hydrocarbons, ethylene and ethane (see Lieberman,
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1979). However, i t  is  only comparatively recently  th a t  the 
re la t io n s h ip  between ethane, ethylene and ac t ive  oxygen species 
has been c lose ly  examined. Of p a r t ic u la r  importance, was the 
observation th a t  ethylene production requires l iv in g  t is s u e ,  
while the release o f  ethane is  proportional to  the amount 
of damage to the p lan t (E ls tn er  and Konze, 1976); This 
f ind ing  has led to the use o f  ethane measurement as an in d i ­
cation o f p lant damage induced by various factors  such as 
herb ic ides, as described here.
The production o f  ethylene in model systems has been shown to  
be a ferredoxin-dependent process. Previous workers have 
shown th a t  methionine is  the major substrate in vivo (Baur, 
Yang, P ra t t  and B ia le ,  1971; Hanson and Kende, 1976;
Lieberman e t  , 1966) and the stim ulation  of ethylene  
formation observed in the absence o f  added ferredoxin  sug­
gests th a t  a small amount o f  endogenous ferredoxin was s t i l l  
present. Paraquat was unable to sub stitu te  fo r  ferredoxin  
in th is  s t im u la tion . The small leve l o f  in h ib it io n  observed 
in the absence o f  added fe rre d o x in ,  w ith  methionine as the 
substrate , ind icates th a t  the herbicide was competing with  
endogenous ferredoxin  fo r  PSI generated reducing power.
Although methionine was the preferred substrate fo r  ethylene  
production, i t  was also formed from a - l in o le n ic  ac id . In  
con tras t,  ethane generation only occurred in the presence 
of the l ip id  substrate. Chloroplasts contain high leve ls  of  
a - l in o le n ic  acid (Mackender and Leech, 1974), which are 
released during ageing and in h ib i t  e lectron transport
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(McCarty and Jagendorf, 1965; S iegenthaler and Rawyler,
1977). Ethane evolution has been shown to  be increased in 
aged chloroplasts (E ls tn er  ^  , 1980) and thus a - l in o le n ic
acid would appear to be an endogenous substrate fo r  ethane.
In contrast to ethylene production, the  generation of ethane 
was unaffected by the add ition  Of fe rre d o x in ,  but was markedly 
enhanced by paraquat, although exogenous a - l in o le n ic  acid . 
was able to act as a substrate fo r  both hydrocarbon gases.
The requirement o f a d i f f e r e n t  e lec tron  acceptor fo r  ethane 
formation suggests th a t  the a c t iv e  oxygen species involved is  
also d i f fe r e n t .  This is  borne out by the observation that  
SOD-active compounds such as PA-Cu stim ulated ethylene  
formation ye t  inh ib ited  ethane production irres p ec tiv e  of 
the substrate. This in fe rs  th a t  ethylene formation is depend­
ent on the presence o f  hydrogen peroxide (confirmed by i t s  
in h ib it io n  by c a ta la s e ) ,  but th a t  superoxide plays a major 
ro le  in the mechanism of ethane production. Furthermore, i t  
appears th a t  superoxide i t s e l f  is  not the species d ir e c t ly  
responsible fo r  ethane form ation, as s tim u la tio n  was also  
observed in the presence o f DCMU, which does not produce 
th is  ra d ic a l .  Crocin scavenges s in g le t  oxygen and thus 
th is  e lectron transport in h ib i to r  gives r is e  to th is  highly  
tox ic  oxygen species by r e s t r ic t in g  energy d iss ipation  
between the photosystems (R id ley , 1977; E lstner and F i ls ,
1979).
The requirement of ethylene formation f o r  hydrogen peroxide 
and ferredoxin implies a possible ro le  fo r  a Fenton-type  
reagent, Fe^^.HgOg as proposed by E ls tner  e t  (1978). -
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However, in the case of ethane, the resu lts  presented here 
cannot be explained in terms o f  a Fenton complex. I t  appears 
more l ik e ly  th a t  the presence o f  paraquat stim ulates super­
oxide production, which is  responsible fo r  the oxidation  o f  
a - l in o le n ic  acid resu lt ing  in  the generation o f  the hydro­
carbon gas. However, superoxide probably does not possess 
s u f f ic ie n t  r e a c t iv i t y  to abstract protons in the i n i t i a l  
stages o f  l i p i d  peroxidation (Pryor, 1978; Bors e t  , 1979a). 
The resu lts  shown here tend to im p lica te  s in g le t  oxygen in  
l ip id  peroxidation reactions and thus the t o x ic i t y  o f  super­
oxide would appear to l i e  in i ts  a b i l i t y  to  generate th is  
more reac tive  species. The bbservation th a t  DCMU stimulated  
ethane production to  a s im ila r  extent as paraquat is  con­
s is te n t  w ith th is  view. Thus, s in g le t  oxygen seems to  be 
the ac t ive  species and the mechanism o f  formation of th is  
is immaterial w ith respect to an ethane forming a b i l i t y .
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4 .  PARAQUAT RESISTANCE IN  CONYZA
The resistance of biotypes o f  Conyza l in e f o l ia  towards paraquat 
developed under natural conditions in  the f i e l d  where the 
herb icide was employed in weed co n tro l.  Paraquat was the 
sole herb ic ide used and was applied several times a yea r ,  i t  
was observed a f t e r  several years o f th is  regime th a t  certa in  
plants were not k i l le d  by the herbicide a t  the concentrations  
ro u t in e ly  employed. These were id e n t i f ie d  as Conyza sp. 
and were found to to le ra te  paraquat concentrations several 
fo ld  higher than those generally  u t i l is e d  fo r  weed con tro l.
The present study was undertaken to e lu c id a te  the mechanism 
of paraquat resistance in these p lants .
4.1 Chlorophyll Content
The i n i t i a l  observations th a t  ce rta in  Conyza plants showed 
resistance to  paraquat treatment was based on a re ten tio n  of  
the green colour o f  the leaves. F ig . 3 .14  shows the chloro­
phyll content o f two Conyza biotypes, one o f which was re s is ­
tan t  to  the herb ic ide. Bleaching o f chlorophyll in the 
paraquat-susceptible type ( I )  increased with l ig h t  in te n s ity  
and the duration of i l lu m in a tio n . The l ig h t  in te n s ity  required  
to re s u lt  in a 50% decrease in the pigment content a f t e r  24h
_9
was approximately 24 Wm . The equivalent l ig h t  in te n s ity
_ 9
to produce s im ila r  results  a f te r  48h i l lu m in a tio n  was 12 Wm , 
ind ica ting  th a t  bleaching was proportional to the to ta l  ra d i ­
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F i g .  3 . 1 4  C h l o r o p h y l l  c o n t e n t  o f  C o n y z a
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The re s is ta n t  Conyza ( i l l  b iotype showed no loss o f chlorophyll 
except fo r  a small amount o f  bleaching a t  the highest l ig h t  
in te n s i ty  a f te r  48h.
4 .2  Ethane Evolution .
The evolution of ethane from Conyza le a f  sections was used 
as an ind ica to r  o f herbicide induced membrane d isruption  (see 
Section 2 .2 ) .  Fig. 3 .1 5  shows the evolution of th is  hydro­
carbon gas with increasing l ig h t  in te n s ity .  The paraquat 
susceptib le biotype produced ethane in a l in e a r  re la t io n sh ip
w ith  l ig h t  in te n s ity  a f te r  24h and 48h, w ith  rates o f  158
-1 -2  -1 -2pmoles g Wm and 456 pmoles g Wm resp e c tive ly .  By
co n tras t,  no ethane was detected with the paraquat res is tan t
Conyza even a t  the highest l ig h t  in te n s ity  a f t e r  48h.
4 .3  COg Exchange
In normal susceptible p lan ts , paraquat exerts i t s  herbicidal  
e f fe c t  by competing with NADP fo r  electrons derived from PSI. 
Thus an early  sign o f  p h y to to x ic ity  is  the cessation of COg 
f ix a t io n  due to a lack o f  reduced pyrid ine nucleo tide, re ­
quired as a cofactor. F ig . 3.16 shows the e f fe c t  of paraquat 
treatment on the Conyza biotypes. The susceptib le l in e  was 
unable to f i x  CÔ  a f te r  4h o f paraquat treatm ent. Over the 
f i r s t  three hours, COg f ix a t io n  by the paraquat res is tan t  
biotype was reduced by ra ther  less than 30%. A f te r  th is  
i n i t i a l  period, there was a very marked increase in CÔ
(3? .
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f ix a t io n  cap ac ity , which continued up u n t i l  a t  le a s t  7h. 
COg exchange in  the water trea ted  contro ls  remained f a i r l y  
constant over the 7h incubation period.
■ 14- '
4 .4  Uptake o f  C-Paraquat
The studies on the COg f ix a t io n  a b i l i t y  o f  Conyza biotypes
indicated th a t  paraquat a ffected  both the susceptib le and
re s is ta n t  types. Nevertheless,the uptake of the herbicide
14was investigated  using C-paraquat to ascerta in  whether 
s im ila r  leve ls  were atta ined in  both p lan t types. Table 8  
shows th a t  there was no d iffe ren ce  in the uptake o f para­
quat between the biotypes. Thus, i t  appears th a t  d ifferences  
in  the s u s c e p t ib i l i ty  of the le a f  sections to paraquat was 
not re la te d  to a modification in the uptake o f the herbicide.  
This was also found to be the case in  paraquat re s is ta n t  
l ines  o f  perennial ryegrass (Harvey, Muldoon and Harper,
1978).
4 .5  SOD Content of Conyza
The resistance of a Conyza biotype to paraquat did not appear 
to be due to  reduced uptake by the p lan t and thus may be 
more d i r e c t ly  re lated  to biochemical aspects o f  the mechanism 
of action o f the herbicides. Superoxide was shown to play  
a major ro le  in the herbic idal action o f  paraquat in f la x  
cotyledons (see Section 2) and thus i t  is  possible that
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14T a b le  8 .  U p ta k e  o f  C -P a r a q u a t  by Conyza L e a f  S e c t io n s




Increased endogenous leve ls  o f SOD might confer some re s is ­
tance upon the paraquat re s is ta n t  biotype.
The aerobic photooxidation of d ia n is id in e  mediated by f la v in s  
generates superoxide, but is  also in h ib ite d  by i t s  presence 
(Misra and Fridovich , 1977). The removal o f th is  oxygen 
rad ica l stim ulates the reaction  and has been used as ah assay 
fo r  SOD (Misra and Fridovich , 1977; Lengfelder and E ls tn e r ,
1979). F ig . 3 .17 compares the a b i l i t y  o f extracts  o f paraquat 
re s is ta n t  and susceptible biotypes of Conyza to stim ulate  
d ia n is id in e  photooxidation. Both extracts  appeared to  
possess SOD a c t i v i t y  in th is  assay. However, the e x tra c t  
from the paraquat res is ta n t  type possessed g rea te r  sp e c if ic  
a c t iv i t y .
The s p e c if ic  a c t iv i t y  of the SOD extracts  were q u an tif ied  
using the a b i l i t y  o f  SOD to in h ib i t  the oxidation o f  hydroxyl-  
amine by superoxide anions generated by xanthine oxidase 
acting on xanthine (E ls tn e r  and Heupel,‘ 1976). The in h ib it io n  
curves fo r  the extracts  are shown in  Fig. 3 .18  One u n it  
of enzyme a c t iv i t y  ( th a t  which caused 50% in h ib i t io n )  
corresponded to  4 .7  yg protein  and 13.7 yg protein  from 
the re s is ta n t  and susceptible biotypes respec tive ly . From 
th is  the fo llow ing s p e c if ic  a c t iv i t i e s  were ca lcu la ted ;
Resistant biotype ex trac t  -  213 Units mg  ̂ p rote in
Susceptible biotype ex trac t  -  73 Units mg prote in
Work o f  Harper and Harvey (1978) showed th a t  paraquat to le ra n t  
c u lt iv a rs  o f perennial ryegrass also possessed increased 










I l l u m i n a t i o n  t i m e  ( m i n s )
Fig. 3 .17 . Photooxidation of d ia n is id in e  in the presence o f  
50 units  o f  bovine SOD ( • —• ) ,  Conyzb biotype I 
SOD ex trac t  (□—□), Conyza biotype I I  SOD ex trac t  
(■—■) and a control (a—a) .  Extracts from biotypes 
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Fig. 3 .18 . In h ib it io n  o f n i t r i t e  formation from hydroxyl ami ne 
by SOD extracts from Conyza biotypes I (■—■) and 
I I  ( & - . ) .
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were almost f iv e  times g rea te r  fo r  Conyza than fo r  ryegrass.
The increased leve ls  of SOD detected in  the studies o f  para­
quat res is tan t  Conyza l ines  could be derived from two sources. 
F i r s t l y ,  the increased a c t i v i t y  could be due to the presence 
of another isozyme (s) of SOD or secondly, i t  is  possible  
tha t the leve ls  of a l l  SOD isozymes present in  the susceptible  
biotype are increased in the re s is ta n t  l in e .  These p o s s ib i l i ­
t ie s  were investigated by subjecting the extracts  to poly­
acrylamide gel e lectrophores is . Fig. 3 .1 9  shows the appear­
ance of the gels a f te r  s ta in ing  in  the presence and absence 
of KCN. The ex tra c t  from the paraquat susceptib le biotype  
possessed two SOD bands which disappeared in the presence of  
KCN, ind icating  them to be the Cu, Zn enzyme. These two bands 
were also observed in the paraquat re s is ta n t  e x t ra c t ,  together  
with two other bands. These two ex tra  bands were shown to  
be cyan id e -insens itive , ind ica ting  th a t  they were Mn (or  
Fe) containing enzymes. In e a r l i e r  studies with SOD extracts  
from wheat, Beauchamp and Fridovich (1973) observed tha t  
one cupro-zinc isozyme retained i t s  a c t i v i t y  in  the presence 
of 1% SDS. The Conyza extracts  were subjected to  SDS 
treatment which resulted in the e lim ination  o f a l l  bands in  
both the res is tan t  and susceptible biotypes.
4.6  Concluding Section
The investigation  o f  the mechanism by which a certa in  biotype 
of Conyza was res is tan t  to paraquat ind icated th a t  th is  is a
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r e la t iv e ly  complex process and not based simply on one modi­
f ic a t io n  th a t  r e s t r ic ts  the t o x ic i t y  o f the herb ic ide.
Paraquat exerts i t s  herb ic ida l e f fe c t  through the.agency 
of active  oxygen species, notably superoxide (see Section 2 ) .  
Thus, in the case o f  Conyza. i t  is  possible th a t  the observed 
resistance to paraquat is  based on an increase in the endo­
genous SOD levels  which prevents superoxide from in s t ig a t in g  
various deleterious reactions. However, th is  does not 
account fo r  the observed s tim u la tion  of C0« f ix a t io n .  I tL
would appear tha t in  the re s is ta n t  b iotype, paraquat was 
not as read ily  reduced as in the susceptib le type, so th a t  
most o f the PSI derived reducing power resulted in NADP 
production. However, i f  a small amount of paraquat reduction  
occurred, th is  would prevent NADPH formation without a ffe c tin g  
photophosphorylation ( A r n o n ^ ^ . , 1961). Thus, the ATP/ 
NADPH ra t io  would be s h if te d  in  favour o f  th a t  required fo r  
optimal COg f ix a t io n  (Krause and Heber, 1976), and hence 
could account fo r  the increased COg uptake observed. I t  
was previously demonstrated (E ls tn e r  and Kramer, 1973;
Elstner and Heupel, 1973), th a t  in ch lorop lasts , reduction  
of oxygen occurred when the NADP pool was about 80% reduced, 
thus providing an endogenous mechanism fo r  increasing the 
ATP/NADPH r a t io .  The reduction of paraquat would re s u lt  in  
increased superoxide formation upon reoxidation o f the 
cation ic  radical and thus the increased SOD levels  observed 
could prevent toxic  reactions caused by th is  oxygen species.
In summary, the res is tanceof a Conyza biotype to paraquat 
may be based on a decreased reduction o f paraquat, e i th e r  by
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r e s t r ic t io n  o f  i t s  a b i l i t y  to  penetrate the ch lorop last or 
by a decrease in  i t s  c a p a b i l i ty  to  compete w ith NADP fo r  
PSI reducing power. The increased SOD Igvels tend to.suggest  
th a t  some paraquat was reduced and th a t  th is  presumably ' 
occurred in the chloroplast due to  the high negative redox 
potentia ls  involved.
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5. Oxygen A ctiva tin g  A b i l i t y  of 4-Dimethyl ami nophenol
4-Dimethyl aminophenol (DMAP) is known to  ra p id ly  transform  
haemoglobin in to  ferrthaemoglobin (methaemoglobin) in dogs 
and humans (K iese, Rauscker and Weger, 1966; Kiese and Weger, 
1969). Th is ,on ly  occurs in the presence o f oxygen and i t  
appears th a t  a product o f  DMAP autoxidation is  responsible  
fo r  the oxidation of ferrohaemoglobin. The reactions o f  
DMAP are thought to  involve one-electron t ra n s fe r  and thus, 
together w ith the absolute requirement fo r  oxygen, suggests 
an oxygen a c t iv a t in g  system (Eyer, Kiese, Lipowsky and Weger, 
1974). I t  was there fore  decided to examine the e ffe c ts  
of DMAP on ch lorop last mediated reactions. A d d it io n a l ly ,
DMAP bears a s truc tu ra l resemblance to established electron  
donors to PSI such as DAD and TMPD (F ig . 3 .20) and thus might 
be expected to  also donate electrons.
The a b i l i t y  o f  DMAP to act as an e lectron donor is  shown in  
Table 10. In the presence o f  a DCMU block, DMAP donated electrons  
to PSI, thereby causing the reduction o f  NAD. This was 
stimulated by ascorbate in a s im ila r  manner to the t ra d i t io n a l  
PSI donors, DAD and TMPD (Trebst, 1974). A comparison of  
DMAP with these other donors revealed th a t  DMAP could catalyse  
phosphorylation s im ila r  to DAD(Table 11). The ATP/2e 
r a t io  in the presence o f  DMAP increased from 0 .6  (the value  
expected from one proton release upon 2e o x id a t io n ) ,  to  more 
than 1 .0  with increasing DMAP concentration. Since DMAP 
can oxidise NADPH during autoxidation reactions (P. Eyer, 




















































T a b le  1 0 .  NADP P r o d u c t io n  in  I s o l a t e d  C h l o r o p l a s t s
Order of Addition - 1  -1 NADP Reduction ymoles mg Chl.h
Chloroplasts .28










Reaction mixture contained in 3 cm : 75 ymoles phosphate bu ffe r  
pH 7 .8 ,  5 ymoles NH^Cl, 5 ymoles MgClg, 5 ymoles NADP, 10 nmol 
fe rredox in , 30 yg chlorophyll and where added, 3 ymoles DMAP,
60 nmoles DCMU, 10 ymoles ascorbate, 30 nmoles paraquat.
The reaction was conducted in  a thermostated spectrophotometrrc 
c e l l  a t  22°C.
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Table 11. E ffec t o f  DMAP on the ATP/2e Ratio in Chloroplasts
ADDITIONS ymoles NADPH 
mg ^Chl.h"^
ymoles ATP 
- 1  -T  
mg Chl.h
ATp32/2e•
None 35 27 0 . 8
DCMU 0 0 -
DCMU + ascorbate/DAD 29 28 1 . 0
DCMU + ascorbate/TMPD 13 0 0
DCMU + ascorbate/DMAP 
(5 X lO'^M) 13 8 0 . 6
DCMU + ascorbate/DMAP
15 18 1 . 2
Conditions :
3
The reaction mixture contained in 3 cm : 80 ymoles t r ic in e
32
b u ffe r  pH 8 .0 ,  10 ymoles MgClg, 10 ymoles ADP, 10 ymoles P^,
3 ymoles NADP, 10 nmoles fe rred o x in , 200 yg chlorophyll and 
where present, 0 .3  ymoles DCMU, 0 .3  ymoles DAD, 0 .3  ymoles TMPD, 
40 ymoles sodium isoascorbate. DMAP concentrations as indicated
The reaction was conducted a t  20°C fo r  15 mins a t  a l ig h t  
in te n s ity  of 30 Klux.
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re f lec te d  i ts  steady s ta te  leve l ra th e r  than i t s  ra te  of  
formation and thus the ATP/2e r a t io  may have been erroneously 
high.
Although DMAP acted as a PSI acceptor in oxygen electrode  
studies (Table 1 2 ) ,  i t  did not stim ulate  superoxide formation 
as measured by i t s  a b i l i t y  to  oxid ise hydroxylamine to n i t r i t e  
(Table 13). However, i t  was observed to in h ib i t  n i t r i t e  
formation in the presence o f  paraquat which suggests tha t  
DMAP reacted with superoxide and was consequently in 
competition with the assay system fo r  th is  oxygen ra d ic a l .
In contrast to superoxide form ation, the production o f  
hydrogen peroxide was markedly stimulated by DMAP (Table 14).
These resu lts  in d ica te  th a t  DMAP can act both as an acceptor 
and as a donor fo r  PSI, depending on whether a DCMU block 
is present. As a donor, i t  behaved l ik e  established PSI 
donors such as DAD and TMPD. The phosphorylating a b i l i t y  
of DMAP indicated th a t  i t  could transport protons as well 
as electrons across the thy lako id  membrane.
Although the determination of the products o f oxygen reduction  
in the presence of DMÂP indicated th a t  the compound reacted 
with superoxide to form hydrogen peroxide, studies with  
superoxide generated by pulse rad io lys is  showed no reaction  
between the rad ica l and DMAP(E.Lengfelder and P. Eyer, 
personal communication). In the same study, DMAP was found 
to be reduced at the expense of hydroxylamine, which became 
oxidised to nitrogen. Thus, although DMAP appears to in te r ­
act with ch loroplast e lectron tra n sp o rt ,  i t s  a b i l i t y  to  
ac tiva te  oxygen could not be investigated in th is  system due
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T a b le  1 2 .  Oxygen U p ta k e  i n  I s o l a t e d  C h l o r o p l a s t s











The basic reaction mixture was th a t  d e ta i le d  in the legend 
to Table 6 w ith the add itional presence o f 3 ymoles NaNg.
The concentrations of the add ition  were as fo r  Table 10.
The reaction was conducted at 22°C.
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Table 13. Superoxide Formation in Iso la ted  Chloroplasts
Addition - 1 - 1  ymoles NOg mg Chl.h
None 0.4
DMAP \  0 .3
DCMU 0
DCMU + DMAP 0 . 1
PQ 3.5
PQ + DMAP 0.4
Conditions :
The basic reaction  mixture was as described fo r  Table 12 
with the add itional presence of 1 ymole NHgOH. The concentrations  
of the additions were as f o r  Table 10.
The reaction was conducted at 22°C fo r  15 mins with a l ig h t  
in te n s ity  of 30 Klux.
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T a b le  1 4 .  Hydrogen P e r o x id e  P r o d u c t io n  by I s o l a t e d  C h l o r o p l a s t s
Additions pmoles HgOg mg/*Chl.h \
None 5.1
DMAP ; 8 .7
PQ 11 . 1
PQ + DMAP 8.4
DCMU 0
DCMU + DMAP 2 . 1
DCMU + PQ 0
DCMU + PQ + DMAP 5.4
DBMIB 0
DBMIB + DMAP 8.4
Conditions:
The basic reaction mixture was as described fo r  Table 12 
and the concentrations o f  additions was as d e ta i le d  in  Table 10. 
DBMIB was used at a concentration o f 30 nmoles per reaction .
The reaction was conducted at 22°C f o r  20 mins with a l ig h t
in te n s ity  of 30 Klux.
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The discovery o f  the superoxide dismutating function o f  a 
copper p ro te in ,  erythrocuprein (subsequently known as SOD) 
in 1969 (McCord and Fridovich, 1969a) led to  the re a l is a t io n  
of the importance o f  th is  enzyme In  pro tecting  most, i f  not 
a l l  organisms th a t  in h ab it  an aerobic environment fo r  a l l  or 
part o f th e i r  l iv e s .  Superoxide has been shown to be to x ic  
in a v a r ie ty  o f b io log ica l systems and the importance of 
SOD as a tool fo r  investigating  superoxide production cannot 
be overemphasised. During the la s t  decade, many workers have 
reexamined various reactions involving oxygen rad ica ls  to  
determine the ro le  o f superoxide and other oxygen species.
This present study was undertaken to in ves tig a te  oxygen 
ac t iv a t io n  in chloroplasts and attempts to  define a ro le  fo r  
the various ac t ive  species involved in  the mechanism of 
paraquat action .
Although superoxide production v ia  mediated photosynthetic  
electron transport did not re ad ily  c o rre la te  w ith  e le c t ro ­
chemical data fo r  the compounds, i t  is  noteworthy th a t  a large  
number of c o m p o u n d s  of various chemical types stim ulated the 
generation o f  th is  ra d ic a l .  ' Other work w ith  E. c o li  has also  
demonstrated the a b i l i t y  o f  many compounds to stim ulate  
superoxide production (Hassan and Fridovich , 1979a).
Paraquat was p a r t ic u la r ly  e f f i c ie n t  at s tim ulating  superoxide 
production in chloroplasts and in E. c o l i  (Hassan and Fridovich ,  
1977, 1978) and therefore  i t  was decided to investiga te  
the involvement o f  th is  species in the herb ic idal reactions
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of paraquat. I t  is c lea r  from the use o f  the SOD-active 
compound PA-Cu, th a t  superoxide is  o f primary importance in  
the phytotoxic e f fe c t .  Although a l l  the symptoms o f  para­
quat ac t io n  appeared to  involve superoxide, the most important 
e f fe c ts  re la te d  to those reactions o f  the herb ic ide  which 
resulted in membrane damage. Superoxide C le a r ly  plays an 
important ro le  in  l ip id  peroxidation reactions and ethane 
formation. However, u l t ra s tru c tu ra l  studies have demonstrated 
th a t  among the f i r s t  signs o f  paraquat damage are the d is ­
ruption of tonoplast and plasmalemma membranes (H arr is  and 
Dodge, 1972a). The s i te  of superoxide production is  the 
reducing side o f  PSI, located on the outer thy lako id  surface. 
Thus, superoxide must e i th e r  be s u f f ic ie n t ly  s tab le  to d iffuse  
to the s ites  o f  potentia l damage or give r is e  to  other  
species with th is  property. However, the r e la t iv e  s t a b i l i t y  
of the m igrating species implies a decreased r e a c t iv i t y  and 
thus i t  would be an u n lik e ly  candidate as the in s t ig a to r  
of l ip id  peroxidation. Previous ca lcu la t io ns  (Farrington e t a l . ,  
1973) have shown that superoxide is  s u f f ic ie n t ly  s tab le  to 
d iffu se  to the tonoplast or plasmalemma. I t  has been shown 
th a t  the r e a c t iv i t y  o f the rad ical is  re s t r ic te d  and super­
oxide is  not believed to be able to  i n i t i a t e  l i p i d  peroxida­
tion  (McCay £ t  ^ . , 1976; Bors e t  , 1979a). Thus, the  
i n i t i a t i o n  o f  l ip id  peroxidation reaction  probably involves  
a more reac tive  species.
Ethane evolution in both in ta c t  t issue and ch lorop las t models 
showed the involvement of superoxide. a -L in o le n ic  acid was 
able to act as a substrate fo r  in v i t r o  ethane production
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and i t s  r e la t iv e  abundance in  p la n t  membranes ind icated th a t  
i t  was a l i k e ly  candidate as the in v ivo  substra te . The model 
experiments also confirmed t h a t  oxygen species o ther than 
superoxide were able to i n i t i a t e  l ip id  perox ida tion . In the  
presence o f  DCMU, chloroplasts do not produce superoxide, 
but ethane evolution was s t i l l  shown to occur a t  rates s im ila r  
to those with paraquat. Both types of s t im u la t io n  were in h ib i ­
ted by croc in , ind icating  the involvement o f s in g le t  oxygen 
(E ls tn e r  and Osswald, 1980). I t  has been suggested ( P a l l e t t ,  
1978) th a t  treatment with CMU (which acts in an id e n t ic a l  
manner to DCMU), results  in re s tr ic te d  energy d iss ip a t io n  
and th a t  excited pigment molecules o f  PS II reac t  w ith  d i ­
oxygen to  form s in g le t  oxygen. By c o n tras t ,  s in g le t  oxygen 
generated as a re s u lt  o f  paraquat treatm ent, would appear to  
be derived from reactions o f  superoxide. S in g le t  oxygen is  
highly reac tive  and is  capable o f  a ttack ing  polyunsaturated  
f a t t y  acids (Rawls and Van Santen, 1970; Anderson, Krinsky, 
Stone and C lag e tt ,  1974). I t  is  th ere fo re  u n l ik e ly  to  
migrate f a r  from i t s  s i te  of generation. Although both CMU 
and paraquat treatment o f p lan t t issue  re s u l t  in  pigment 
breakdown and l ip id  peroxidation as determined by ethane 
evo lu t ion , there are marked d ifferences in  the u l t ra s tru c tu ra l  
changes. In contrast to  paraquat, CMU treatment resulted  
in i n i t i a l  damage to the chloroplast membranes. This gives 
fu r th e r  clues to possible d ifferences in the mechanisms of 
action o f  the two compounds. CMU in h ib its  e lec tron  transport  
a t  PSII and s in g le t  oxygen would be generated in close  
proximity to the chloroplast membrane. Paraquat treatment
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leads to superoxide formation which, being more s ta b le ,  
migrates from the ch lorop last membranes to the tonoplast and 
plasmalemma where i t  p a r t ic ip a te s  in  other reactions which 
form s in g le t  oxygen. Although the mechanism by which s in g le t  
oxygen could be generated from superoxide has not y e t  been 
e luc idated , i t  has been demonstrated to  occur in  non-aqueous 
systems (Khan, 1970).
The hypothesis proposed here implies th a t  e i th e r  the reduced 
paraquat radical or superoxide can pass through the chloroplast  
envelope without causing damage. Work with erythrocyte  
membranes suggests th a t  superoxide can traverse  th is  b a r r ie r  
without causing damage (Lynch and Fridovich , 1978). However, 
in extensive studies w i t h E. c o l i  and paraquat reduction.
Hassan and Fridovich (1979b) proposed th a t  the species which 
crossed the c e l l  membrane was the paraquat rad ical and not 
superoxide. In the i l lum inated  ch lo ro p las t ,  the concentration  
of dioxygen would be s u f f ic ie n t ly  great, to ensure th a t  re­
duced paraquat would be immediately reox id ised , forming 
superoxide. Thus, in th is  system, i t  is  the oxygen radical  
which appears to cross membranes without in s t ig a t in g  d e le t ­
erious reactions. However, the r e a c t iv i t y  o f  s in g le t  oxygen 
d ic ta tes  tha t  i t  reacts a t  i t s  s i te  o f  production and thus 
the DCMU-generated species causes ch lorop last damage, while  
th a t  derived from paraquat attacks the tonoplast and plasma­
lemma (F ig . 5 .1 ) .
The hydroxyl radical has also been proposed as the primary 
oxidant in l ip id  peroxidation (Fong A 1-» 1973; McCay 
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th a t  the rad ica l was formed v ia  the Haber-Weiss reaction is  
now understood to be incorrect (see Bus and G ib s o n ,1979).
I t  is  thought however, th a t  th is  reaction may occur through 
the ca ta ly s is  of Chelated iron ( I I I )  (Pederson and Aust,
1972; T y le r ,  1975). The hydroxyl rad ical is  one o f  the most 
reac tive  species known (Anbar and Néta, 1967) and reacts with  
almost a l l  b io lo g ica l molecules. Thus, i t  is  h ighly u n l ik e ly  
th a t  s p e c if ic  damage would occur i f  th is  rad ica l mediated 
the action  of paraquat. In add ition  to t h is ,  attempts to  
demonstrate the existenceof the hydroxyl rad ica l in vivo  
have been unsuccessful (E ls tner  and Z e l le r ,  1978).
The studies described here c le a r ly  demonstrate the central  
ro le  o f  superoxide in the action of paraquat. They do not 
however, unequivocally ind icate which ac t ive  oxygen species 
is  d i r e c t ly  responsible fo r  in i t i a t in g  the a ttack  on unsatur­
ated f a t t y  acids in the c e l l  membranes, although s in g le t  
oxygen would appear to be the most p laus ib le  candidate.
The hypothesis proposed here might be d i f f i c u l t  to  substantiate  
because d ir e c t  determination of the in s t ig a t in g  species may 
not be possible using conventional biochemical techniques, 
as the formation o f the species may occur in close contact 
with the membrane. I t  is c lear  from the scheme presented in  
Fig. 5 .2 ,  th a t  superoxide is the important control point in  
the mechanism of action of paraquat. I f  the generation and/or  
fa te  of th is  rad ical species can be co n tro l le d , then the 
normal herb ic ida l properties o f paraquat w i l l  not be mani­
fested. Although the biochemistry and s tructure  o f  the 
chlorop last are such, th a t  under normal circumstances.
Ifcv.
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F i g . 5 - 2  S c h e m e  s h o w i n g  h e r b i c i d e  a c t i o n
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superoxide presents l i t t l e  danger to the p la n t ,  i t  appears 
tha t  paraquat produces leve ls  of superoxide in excess of the  
endogenous defence mechanisms. The fo llow ing  reactions  
may o u t l in e  the mechanism o f  paraqliat ac t io n , resu lt in g  .in 
l ip id  peroxidation and ethane formation.
+. e"  -------- — T— PQ'+
PQ'+ + Og :------ --PQ++
Q . -  exact mechanism unknown  ̂ 'Og
a - l i n  + 'Og-— :---► a - l in  0 0 H
a - l i n  00* + RH ------► a - l in  OOH + R"
o - l i n  OOH +  ► a - l in  O' +  ̂ + OH"
a - l i n  O '------S:.sci ssi on— + CHOfCHgjgR
CH3 CH2 ' --------reduction ^  [^Hg
The photooxidation o f  the ch lorop last pigments appears to need 
s im ila r  factors  as l ip id  perox idation , namely superoxide or  
s in g le t  oxygen. E a r l ie r  studies by Reiser and Yang (1977 ),  
indicated a major ro le  fo r  superoxide in  chlorophyll destruction  
during b isu lp h ite  oxidation . However, in the same study,
s in g le t  oxygen was shown not to be involved. In a subsequent
investigation  (Reiser and Yang, 1978), these workers showed 
tha t chlorophyll destruction  in  the presence of b isu lp h ite  
and l ip id  hydroperoxides was independent of a requirement fo r  
oxygen species. The in h ib it io n  in the present study with  
RA-Cu, o f both l ip id  peroxidation and pigment bleaching is  
strong evidence th a t  oxygen is involved in  these reactions.
As mentioned previously , th is  does not exclude the p o s s ib i l i t y  
th a t  some pigment photooxidation occurs through the agency 
of l ip id  free  ra d ic a ls ,  but th is  would probably be o f r e la t iv e ly
) 6 6
minor importance in the i n i t i a l  stages o f  damage.
In  conclusion, the importance o f  superoxide in the mode of 
action  o f  paraquat has been unequivocally demonstrated and 
th is  would appear to be the primary mechanism o f  the phyto- 
tox ic  e f fe c t .  Although th is  oxygen f re e  rad ica l is  important 
in  the reactions leading to f a t t y  acid destruction and pigment 
breakdown, other more reac tive  species, notably s in g le t  oxygen, 
are more l ik e ly  in s t ig a to rs .  The actual mechanism by which 
these may be formed from superoxide is s t i l l  a m atter o f some 
speculation , although i t  is arguably of less importance than 
the overa ll  scheme of events which resu lts  in p lan t death.
Note
Fridovich and co-workers have ju s t  recently  shown (personal 
communication, August, 1980), th a t  PA-Cu may not i t s e l f  be 
ac tive  as an a r t i f i c i a l  SOD. The ir  resu lts  in d ic a te  th a t  the 
complex breaks down to SOD-active products, which are responsible  
fo r  the observed e f fe c ts .  These resu lts  are compatible with  







0 10 20 0 2010
TIME mins
Fig . 1. Superoxide and hydrogen peroxide production by 
te traquat (•—• ) ,  t r iq u a t  (■—« ) ,  paraquat (a—a) 
and diquat 
NO^ in pmolcs mg"’chl
-4
.B. A ll compounds present at a concentration of 10 M.
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Fig. 2. Superoxide and hydrogen peroxide production by 
nitrobenzene (■—■), m-nitroacetophenone ( • —• ) ,  
p-nitrobenzoic acid and anthraquinone-
2 - s u l p h o n a t e  .
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Fig. 3 . Superoxide and hydrogen peroxide production by 
5 -n itrourac i 1 (■—■), p-ni troacetophenone (#—• ) ,  
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Fig. 4 Superoxide and hydrogen peroxide production by 
3 ,5 -d in itrobenzo ic  acid (■—« ) ,  r ib o f la v in  ( • —♦ ) ,  
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Fig . 5 . Superoxide and hydrogen peroxide production by 











0 2010 0 10 20
F i g .  6 . S u p e r o x id e  and hydrogen p e r o x id e  p r o d u c t io n  by
t r i m e t h y l - n i t r o b e n z e n e  (■ —■ ) ,  d ib e n z o q u in o n e  ( • —• ) ,
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F i g .  7 .  S u p e r o x id e  and h ydro gen  p e r o x id e  p r o d u c t io n  by a
c o n t r o l  (■—■ ) ,  Janus Green (A— A ) , A l i z a r i n  Red ( • —• )
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F i g .  8 . S u p e r o x id e  and h yd ro g e n  p e r o x id e  p r o d u c t io n  by
D C P IP  ( • —• ) ,  t h i o n i n e  (■—■ ) ,  n e u t r a l  re d  a )
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O x y g e n  A c tiv a tio n  in  C h lo ro p lasts :
M odels  fo r  ‘4 n  v iv o ” O bservations
B y
E r i c h  F. E l s t n e r
In s titu t fü r  B otan ik  und Mikrohiologiey Techn. U nivers itat München
R i c h a r d  Y o u n g m a n  
School o f Biological Sciences, U nivers ity  o f Bath, England  
(Vorgetragen auf der B otaniker-Tagung in M arb u rg  am 13. September 1978)
Sauerstoffaktivierung in Chloroplasten
Chloroplasten setzen im  Licht n id it nur Sauerstoff fre i, sondern „photo- 
aktiv ieren" ihn audi. U n  ter „a k tiv e m “ Sauerstoff versteht man reaktive  Sauer- 
stofformen oder -verbindungen w ie  Singulett-Sauerstoff (^Og), Superoxidanion  
(O g -)  oder dessen Saure (H O g ) ,  W asserstoffperoxid (HgOg), O H -R a d ik a l  
( O H  ), org. Peroxide und deren R ad ika lfo rm en  (R O O H , R O D ')  sowie M e ta ll-  
O g-Kom plexe w ie  das Fenton-Reagenz oder das P erferry lion  (Fe-HgOg, 
Fe^+'Og-^
Es gibt H inw eise fü r die liditabhangige Bildung a ller genannter Og-Spe- 
zies, ausgenommen das O H -R a d ik a l.
Bei der A k tiv ie ru n g  spielen sowohl Photosystem I I  (^Og, HgOg, R O O H )  
als auch Photosystem I  (Og—, HgOg, O g-M etallokom plexe, R O O H )  eine R olle .
D ie  beschriebenen Reaktionen spielen moglicherweise eine bedeutende R o lle  
nadi H erbizidbehandlungen (D C M U , Paraquat) oder nach In fektionen .
Introduction
Oxygen activation is one o f the most im portant m etabolic reactions in  
cellular m etabolism o f aerobically liv in g  organisms. Since m olecular oxygen  
exists in the tr ip le t ground state its rates o f reaction w ith  organic compounds 
are extrem ely low . O xygen thus has to  be activated in order to  become reac­
tive. Besides other cellu lar compartments in  plants (1) chloroplasts have been 
shown to  exhib it oxygen activating  activities (2 ).
In  this com m unication w e describe ‘Sn v itro *’ models fo r some reactions 
observed “ in vivo** in vo lv in g  activated oxygen species. C erta in ly , most o f the  
described reactions ‘per se* are physiological irre levant; they m ight m im ic, h o w ­
ever, reactions occuring in  the intact p lan t during herbicidc-induced symptom  
expression.
57 0 E r ic h  F. E l s t n e r : 
Materials and M ethods
A ll  applied methods and materials have been described elsewhere (1— 4). 
The basic methods are summarized in Figure 1, where SA stands for sulfa- 
nilic acid and a -N A  for a-naphthylam ine.
Results and Discussion
I. Oxygen Activation by Photosystem II (PS-II)
A . Ethane form ation and carotene bleaching
The importance o f activated oxygen during symptom expression after 
paraquat application on whole flax leaves is shown in Table 1 :
T a b le  1
Effects' of D C M U  and Penicillamine-copper (PA-Cu) on Chlorophyll bleaching and 
ethane formation by paraquat-treated flax leaves. Time of experiment: 72 hours. Tem­
perature: 2 0 C. Light intensity: 5.500 Ix. 20 flax leaves with ca. 0.2 g were used per 
flask; ethane is expressed as nmol/g fresh weight; chlorophyll as /.tg/g fresh weight
Treatment Ethane formed Chlorophyllcontent
a) Control (or paraquat in the dark) 0 540
b) Paraquat (10“® M ) 18 300
c) Paraquat +  PA-Cu (50 SOD-units) 5 430
d) Paraquat +  D C M U  (10~® M) 11 480
Identification of Activated  
Oxygen Species
1) N H 2OH + H^ + ZOg" -► NO 2" + H2O2 + H2O
(red colour with 
SA + a N A )
2 ) NADH2+H2O2 .Efrc i'dcM  ,  NAD + 2H2O
R - C - '^ C 0 0 H  + H ,02'-'2 >  RCOOH + '*C 0
(Scintillation  
counting )
3 ) Fenton's oxidant
Methionine + Pyridoxalphosphate — ► 
ethylene + Products  
(G aschrom atograph )
F ig .l
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Chlorophyll bleaching in the presence of paraquat is delayed by a cop- 
per-penicillamine complex (P A -C u ) or by D C M U . Ethane form ation as an 
indication fo r cellular decom partm entalization (3) and unsaturated fa tty  acid 
peroxidation (5, 6) is inhibited by ca. 60 %  by P A -C u  and by ca. 30 %  by 
D C M U . Since we showed that P A -C u  w ith  a molecular weight o f ca. 2200  
has strong superoxide dismutase (S O D ) activ ity  (7) and superoxide anion is 
not formed in chloroplasts in the presence of D C M U  (4), we have to assume 
that light-dependent ethane form ation can procédé by tw o different mecha­
nisms, one being dependent on P S -I involving Og - ,  the other one driven by 
P S -II not involving Og ".
In  v itro  experiments w ith  isolated chloroplast lam ellae in the presence or 
absence of a-linolenic acid (a -lin ) m ay represent models o f tw o different “ in 
v ivo ” reactions involved in ethane form ation. In  the absence o f a -lin , both 
paraquat and D C M U  stimulate ethane form ation; in the presence of a -lin , 
D C M U  inhibits paraquat-stim ulated ethane form ation. This result indicates 
different mechanisms o f ethane form ation from  internal and external substrate 
(a -lin , see R ef. 5), one involving oxygen activation by P S -I v ia  paraquat and 
the other one activated by P S - I I  in the presence of D C M U  (Table 2).
Since P A -C u  has no significant effect on either one o f these in v itro  reac­
tions the in v ivo  effects (see Table 1) suggest yet an additional reaction in­
volved in paraquat-induced ethane form ation in whole leaves.
gentiobiose
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T a b l e  2
Effects of D C M U  on ethane formation by isolated chloroplast lamellae. Reaction con­
ditions: Total vol.: 3 ml; time: 30 min; temperature: 22 C. Additions; Isolated 
chloroplast lamellae w ith 100 //g dilorophyll; 7 5 /^mol phosphate buffer p H  7.8; 
5 /^mol N H 4CI; 5 jttmol MgClg ; 3 /^mol NaNs; 50 mg bovine serum albumine; 
1 jWmol a-linolenic acid (where indicated); paraquat (10“® M ) and D C M U  (10~®M), 
where indicated; penicillamine-copper (PA-Cu): 50 SOD units
Additions Ethane formed 
— a-lin 1 4- a-lin
a) Control 0 8.5
b) Paraquat 0.6 15.2
c) Paraquat +  D C M U 1.2 3.2
d) Paraquat +  PA-Cu 1.8 13.4
A nother experim ent supports also the idea o f the form ation  o f “ activated” 
oxygen by P S - I I  in  the presence o f D C M U :  the w ater soluble carotene crocin 
is reductively  photobleached by electrons from  P S -I (8 ); in the presence of 
D C M U  a second reaction seems to start a fter a lag period o f several minutes
(Fig. 2).
Several mechanisms have recently been suggested fo r crocin bleaching (6). 
In  the lig h t o f the results presented in Tables 1 and 2 and from  other observa­
tions w e suggest that, in the presence o f D C M U , restricted energy dissipation
PNDA-Bleaching by 
Chloroplast Lamellae 
(n m o l/m in )
h  V





,+ fd (40 nmol
+ 7 5 U  ^  J
(0.6 )
(1.3)
( 0 .1)2nmol PNDA
time [min]
Fig. 3
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in P S - I I  yields activated oxygen (possibly ^Og) which adds onto double bonds 
of unsaturated fa tty  acids yielding hydroperoxides.
These hydroperoxides decompose under m alondialdehyde- and ethane 
form ation (5, 6, 8, 9), cooxidizing carotenes:
P rim ary  reactions : 
P S -II
iP S - II  +  Og -
^Og +  a -lin  -
iP S - II  ( iP S - I I  =  excited P S - I I)
iQg +  P S - II
a - l in -O O H
Secondary reactions:
a - l in -O O H  ethane +  products
a - l in -O O H  +  crocin degradation products (bleached)
The involvem ent of singlet oxygen (^Og in our scheme) is not yet proven. 
Pulse radiolysis experiments w ith  crocin showed, however that, besides the 
w ell know n effect w ith  ^Og, only O H  and Caq (hydrated electron) significantly  
bleach crocin (8).
W e determined the possibility o f the form ation of the O H  by P S - II.  A  
clearly negative result has been obtained w ith  the aid o f the specific reaction 
o f p-nitrosodim ethylaniline (P N D A ) w ith  O H '.  As shown in Figure 3, both
Products of Photosynthetic Oxygen Reduction
Electron Acceptor Products
[ p m o l X m g  Chl"^ X h " ' ]
DCMU DBMIB
H2O2 O2" H 2O2 O2 H2O2 O2
P araq u at 40 11 0 0 0 0
MPT 75 14 0 0 0 0
DIMEB 30 2 1 0 28 0
Caffeic Acid 35 2 0 0 0 0
MPT: 2 - [4 -M e th y l-A -p y r id in io ]  1.3.5 t r i -
azonium  bromide
DBMIB: Dibromothymoquinone
DIMEB: 2.3 -  D im eth y l-5.6-m ethylenedioxy
p -  benzoquinone
Conclusion: Paraquat, MPT: 1e-transfer to O2 
DIMEB,
Caffeic acid : 2e -  tran s fe r  to O2 
Fig. 4
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electron acceptors for P S -I and electron transport inhibitors like D C M U  or 
D B M IB  completely inhib it P N D A  bleaching. This implies (fo r discussion see 
Ref. 10) that under the applied conditions O H * is not formed, rendering photo­
synthetic P N D A  bleaching a specific reaction for assaying the reducing side 
o f P S -I. This result also proves that a spontanuous “Haber-W eiss” -reaction 
according to eqn, 1 :
eqn. 1 : Og " +  HgOg O H  +  O H ~  +  Og
does not occur in chloroplasts in the presence or absence of autooxidizable  
electron acceptors.
Conclusion
Since O H  is apparently not form ed in isolated chloroplasts in the light 
we assume that ^Og is a good candidate for in itiating both ethane form ation  
and crocin bleaching in the presence of D C M U .
B. Hydrogen peroxide form ation
W e recently reported on the differentiation of several mechanisms of 
oxygen reduction by different autooxidizable compounds (4).
As shown in Figure 4, paraquat and M P T  produce both Og -  and HgOg, 
w hile  D IM E B  and caffeic acid m ainly produce HgOg in the presence of 
illum inated chloroplast lamellae. D C M U  inhibits the production of both Og -  
and HgOg by a ll tested compounds, D B M IB  inhibits a ll reactions except HgOg 
form ation by D IM E B . This result and the d ifferential effects o f SO D
Photosynthetic H2O2 Formation ;
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DIMEB 0 0
P araq uat 70 0
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(Fig. 5) led us to assume mechanisms fo r oxygen reduction as shown under 
“ Conclusions” in  Figure 5: Production o f HgOg katalyzed by D IM E B  in ­
volves an electron donor fo r D IM E B  located after P S - II  between the inhib i­
tion sites o f D C M U  and D B M IB  (possibly plastoquinone). The transfer of 
electrons to oxygen is a two-electron step not involving interm ediarily formed  
Og -  as in the case of HgOg production driven by P S -I.
II. Oxygen Activation by Photosystem I (PS-I)
Production o f Og'~ by low  potential redox compounds like ferredoxin or 
bipyridy lium  salts are driven by P S -I (4 ). This is m ain ly due to thermodynamic  
reasons, since only the reducing side o f P S -I is electronegative enough to drive  
m onovalent oxygen reduction (Eg' fo r O g/O g” — — 0.33 V , Ref. 11). Besides 
one electron oxygen reduction by P S -I, tw o other oxygen activating reactions 
are observed as P S -I dependent. W e thus differentiate three P S -I driven oxygen 
activations, exhibiting d ifferent sensitivity towards S O D :
a) HgOg production mediated by paraquat is not influenced by S O D
(F ig. 5),
b) HgOg production mediated by o-diphenols is inhibited by SO D ,
c) ethylene form ation from  methionine ist stimulated by S O D .
Photosynthetic Ethylene Formation  
from Methionine
I )  Products formed:
pmol n mol
Electron Acceptor H 2^2 O2 C2H4
ClOpM]
p a ra q u a t 16 13 1
ferredoxin 8 4 26
I I )  Stim ulation by SOD, Inhibition by C a ta lase  
Additions •/• Ethylene formed
ferredoxin 100
+ 200 U SOD 300
+ " C a ta la s e  20
I I I)  Conclusions:
Reduced ferredoxin and H2O2 are necessary 
for ethylene form ation -  O2” reoxid izes  
reduced ferredoxin; SOD removes O2".
Fig. 6
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As shown in Figure 6, paraquat does not stimulate the production o f an 
oxygen species responsible fo r ethylene formation from  methionine; the inhib i­
tion by catalase o f ferredoxin-stim ulated ethylene form ation from  methionine 
together w ith  the stim ulation by S O D  makes it  like ly  that a Fenton-type  
reagent is produced from  reduced ferredoxin and HgOg which fin a lly  is the 
oxidant for methionine, producing ethylene.
The presented models (summarized in Fig. 7) are not thought to represent 
in v ivo  conditions; they m ight help to understand certain underestimated 
aspects o f “ the chloroplast at w o rk” (12) and the “ mode of action of w ell 
known herbicides” (13).
Summary
Chloroplasts not only produce molecular oxygen from  w ater in the light 
but also “photoactivate” oxygen. As photoactivated oxygen we address reac­
tive oxygen species as singlet oxygen (^Og), superoxide ion (Og—), hydrogen 
peroxide (HgOg), O H -ra d ic a l (O H ') ,  organic peroxides and their radicals 
(R O O H , R O O  ) and metallo-Og-complexes as Fenton-type reagents or per-
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fe rry l ion (Fe-HgOg, Fe^+-Og~). There is evidence fo r the light dependent 
production o f a ll o f the above oxygen species, except the O H -ra d ica l.
Both photosystem I I  (^Og, HgOg, R O O H ) and photosystem I  (O g -, 
HgOg, Og-metallo-complexes, R O O H ) are involved in the form ation of the 
above species. The described reactions m ay also p lay an im portant role “ in 
vivo ,” especially after herbicide treatm ent (D C M U , paraquat) or after infec­
tions.
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The treatment of flax cotyledons (Linum usitatissimum) with paraquat was shown to decrease 
the levels of chlorophyll and carotenoid pigments. The fatty acid content of chloroplast fragments 
isolated from treated tissue was determined and shown to be greatly decreased by paraquat treat­
ment. The superoxide radical was demonstrated to play an important role in the phytotoxic action 
of paraquat by the use of a copper dielate of D-penieillamine, which has a high superoxide dismutat­
ing activity. The action of paraquat was inhibited by this compound. The role of superoxide is 
discussed with reference to the generation of more toxic species, such as singlet oxygen.
Introduction
The bipyridylium herbicides e. g., paraquat and 
diquat, initiate their phytotoxic action by success­
fully competing with NADP for electrons emanating 
from the P 700 acceptor [1]. They are reduced 
univalently and undergo immediate reoxidation by 
molecular oxygen [2]. The superoxide anion and 
hydrogen peroxide are both formed during the 
autoxidation of the reduced compounds. It was 
originally believed that hydrogen peroxide was the 
initial toxic species responsible for the action of 
paraquat [3], more recently however, superoxide 
has been shown to be an earlier, more reactive 
intermediate [2]. Hydrogen peroxide is formed via 
both the enzymatic and nonenzymatic dismutation 
of superoxide. Superoxide dismutase (SOD) is 
present in the chloroplast [4] and is found asso­
ciated with the thylakoid lamellae and free in the 
stroma [5, 6] and rapidly catalyses the harmless 
dismutation of superoxide [7]. Asada et al. [8] have 
calculated the concentration of SOD in the chloro­
plast to be about M, which is sufficient to deal 
with steady-state concentrations of superoxide of 
about 10“® M. However, the presence of paraquat 
can increase the superoxide concentration up to 
10“® — 10“  ̂M, which is in excess of the enzymatic 
defences and so will lead to cellular damage.
Earlier work showed that paraquat treatment 
caused the loss of chlorophyll and disruption of the
Abbreviations: Paraquat, l,I'dimethyl-4,4'bipyridyliura di- 
diloride; SOD, superoxide dismutase; PA-Cu, copper chelate 
of D-penicillamine.
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tonoplast and plasmalemma membranes [9]. In the 
present study, the role of superoxide in the herbi­
cidal action of paraquat has been investigated with 
the aid of a low molecular weight copper chelate of 
D-penicillamine (PA-Cu) [10, 11], which is known 
to have a high superoxide dismutating activity [12].
Materials and Methods
Flax seedlings {Linum  usitatissimum  var. Reina) 
were grown under continuous illumination of 
5.25 W/m^ on waterlogged vermiculite for seven 
days at 25 °C i  3 °C. The cotyledons were removed 
and floated on solutions as indicated under the same 
conditions of temperature and illumination as de­
scribed above. The final concentration of paraquat 
was 10“ ® M and 50 units of PA-Cu were used per 
treatment. The addition of paraquat was delayed 
for 24 hours to allow PA-Cu to infiltrate the coty­
ledon tissue.
Chloroplast fragments for fatty acid analysis, 
were isolated from treated cotyledons by a modi­
fication of the procedure of Izawa and Good [13]. 
Total lipids were extracted with a chloroform- 
methanol mixture [14] and then refluxed with 
methanolic NaOH and boron-trifluoride-methanol to 
form methyl ester derivatives of the fatty acids [15, 
16]. These were separated and identified using a 
Pye Unicam CCD chromatograph with 10% di­
ethylene glycol succinate as the stationary phase. 
The column temperature was 190 °C.
The carotenoid pigments of treated cytoledons 
were extracted and the levels determined according 
to the method of Bishop and Wong [17]. Chloro­
phyll was measured as described by Arnon [18].
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Results CAROTENOID CONTENT OF FLAX COTYLEDONS
The decrease in chlorophyll content is one of the 
most obvious symptoms of the phytotoxic action of 
paraquat. Chlorophyll breakdown in paraquat 
treated cotyledons was markedly reduced by PA-Cu 
(Fig. 1) during an illumination period of 72 hours. 
Similarly the breakdown of carotenoid pigments in 
the presence of paraquat was retarded by PA-Cu 
over the same time period (Fig. 2). Although the 
levels of all carotenoid pigments decreased follow­
ing paraquat treatment, a- and y?-carotenes were 
more markedly affected than the xanthophylls. In 
addition, the restraining effect of PA-Cu was most 
evident on the xanthophyll pigment levels, a- and fi- 
carotenes were completely destroyed by paraquat 
treatment, but the additional presence of PA-Cu 
reduced the breakdown to 87%. In the case of the 
xanthophylls, 89% were destroyed by paraquat 
alone, but the decrease was only 26% in the presence 
of PA-Cu.
One of the early effects of paraquat treatment is 
the initiation of lipid peroxidation reactions which
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Fig. 2. Changes in carotene and xanthophyll levels of treat­
ed flax cotyledons. Incubation conditions are detailed in 
Materials and Methods.














Fig. 1. Chlorophyll content of paraquat treated flax cotyle­
dons in the presence and absence of PA-Cu. Incubation 








Fig. 3. Effect of paraquat on the fatty acid content of chloro­
plasts from paraquat treated flax cotyledons, in the presence 
and absence of PA-Cu. Experimental conditions are given 
in Materials and Methods.
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primarily involve unsaturated fatty acids and lead 
to membrane damage and eventual loss of cell 
integrity. Fig. 3 shows the effect of paraquat in the 
presence and absence of PA-Cu, on the levels of 
some important diloroplastic fatty acids. After 72 
hours of paraquat treatment, the greatest decrease 
was observed in the levels of linoleic and linolenic 
acids (18 : 2 and 18 : 3 acids, respectively). Para­
quat treated flax cotyledons have been shown to 
release ethane [19, 20] and both these fatty acids 
probably act as substrates for this hydrocarbon gas 
[21 — 23]. In general, PA-Cu appeared to retard 
the breakdown of these fatty acids.
Discussion
The treatment of flax cotyledons with paraquat led 
to a breakdown of chlorophyll and carotenoid pig­
ments and a decrease in the levels of fatty acids, 
notably linoleic and linolenic. A concomitant release 
of ethane has also been demonstrated [19, 20]. All 
these parameters of paraquat action were inhibited 
by PA-Cu. This showed that PA-Cu was able to 
enter the cotyledonary tissue and scavenge super­
oxide which appeared to play a role in each of the 
degradative processes. It is thought unlikely that 
superoxide itself possesses sufficient reactivity to 
abstract protons from unsaturated fatty acids in 
membranes to instigate lipid peroxidation reactions. 
It is probable that the importance of superoxide 
lies in its ability to give rise to more reactive 
species such as singlet oxygen, which have been
shown to initiate lipid peroxidation reactions [24, 
25].
Chlorophyll and carotenoid photobleaching has 
been shown to occur through the agency of singlet 
oxygen, and ^-carotene is known to be an effective 
quencher of this toxic oxygen species [26]. Singlet 
oxygen may be formed from the superoxide radical 
or via the decomposition of lipid hydroperoxides. 
Peiser and Yang [27] have provided in  vitro  
evidence that chlorophyll is destroyed by alkoxy 
radicals without the direct involvement of oxygen. 
However, our results indicate that superoxide does 
play a role in the bleaching reactions, although this 
does not rule out the possibility that some bleaching 
is unrelated to lipid peroxidation reactions. Oxygen 
is probably more important in the initial stages of 
pigment breakdown, but its effect may be augmented 
by lipid radicals once fatty acid breakdown has been 
instigated.
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Inhibition of paraquat phytotoxicity by a novel copper chelate with superoxide dismutating activity^
R. J. Youngman, A. D. Dodge, E. Lengfelder and E. F. Elstner
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Summary. A chelate with superoxide dismutase activity, D-penicillamine copper complex, was shown to inhibit paraquat 
toxicity in flax cotyledons (Linum usitatissimum var. Reina). Paraquat-stimulated chlorophyll loss and ethane production 
were markedly reduced by this complex. The role of superoxide in the action of paraquat is briefly discussed.
It is well-known that the action of the herbicide paraquat is 
dependent upon light and oxygen̂ . In treated plants as in 
the normal photosynthetic reaction, light induces chloro­
plast electron transport which leads to a reduction of 
paraquat by a one electron transfer process. The immediate 
reoxidation of this free radical by oxygen was shown to 
generate hydrogen peroxidê , which was thought to be the 
primary toxic agent. However, more recent work has sug­
gested that one electron transfer to oxygen initially gives 
rise to the superoxide free radical̂  Superoxide production 
mediated by paraquat (= methyl viologen) has been 
demonstrated in experiments with isolated chloroplastŝ . 
Although superoxide dismutase enzymes are present within 
the chloroplast® it is assumed that the level of superoxide 
formed in vivo following treatment of the leaves with 
paraquat is in excess of the capabilities for enzymic dismu- 
tation and this leads to cellular damagê . In the present 
study, we have provided evidence for the generation of 
superoxide in vivo by the use of a superoxide dismutating 
copper chelate of D-penicillamine.
The reaction of Cu(II) with D-penicillamine results in the 
formation of a mixed valence Cu(I) Cu(II) cluster with a 








Ethane generation by flax cotyledons. The conditions were as 
detailed for the table. Ethane was determined as described 
previously^ in a Varian Aerograph model 1400 gas chromato­
graph. # -------#  Control; A A paraquat treated; ■ -------■  pa­
raquat plus PA-Cu.
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chloroplasts, have shown that this D-penicillamine copper 
chelate (PA-Cu) has an action similar to the Cu-Zn and Mn  
superoxide dismutase enzymes in a range of reactions 
involving superoxide'®.
Flax cotyledon leaves were floated on solutions of paraquat 
and PA-Cu and the herbicidal effect was initially followed 
by assessing the breakdown of chlorophyll, the most ob­
vious phytotoxic symptom. The table shows that after 72 h 
illumination, the breakdown of chlorophyll in paraquat 
treated leaves was significantly retarded by the additional 
presence of PA-Cu.
Previous work has shown that disruption of the tonoplast 
and plasmalemma were the earliest structural changes 
observed in leaf cells following paraquat treatment". This 
is brought about by various reactions generally known as 
lipid peroxidation which are initiated by free radicals. It is 
unlikely that superoxide possesses the necessary reactivity 
to abstract protons from unsaturated fatty acids in the 
membrane to instigate this deteriorative chain reaction, it is 
more probable that initiation is by a more reactive species 
derived from superoxide, such as singlet oxygen'^ or .OH 
radicals'®. The process of lipid peroxidation can be moni­
tored by the release of ethane from the damaged tissue''* '®. 
The figure shows that the release of this simple hydrocar­
bon from flax cotyledon leaves was considerably promoted 
by paraquat treatment, however this was minimised when 
PA-Cu was also present. Although PA-Cu has a high 
superoxide dismutating capability (K =  10’  M ~' S“ ') ' ’, it 
failed to completely prevent paraquat induced damage.
Chlorophyll levels in treated flax cotyledons
Treatment Chlorophyll content 
(pg/g fresh weight)
Control 540
Paraquat (10“  ̂M) 300
Paraquat 4-  PA-Cu 430
20 cotyledon leaves from 7-day-old flax seedlings were used for 
each treatment and were incubated in 70-ml screw top flasks 
fitted with serum rubber material to allow sampling of the flask 
atmosphere. The addition of paraquat was delayed for 24 h to 
allow PA-Cu to penetrate the leaf tissue. A concentration of 
50 nmoles of PA-Cu in 3 ml was equivalent to 50 superoxide 
dismutase units, as determined by the ability to inhibit nitrite 
formation from hydroxylaminc'®. Chlorophyll was determined 
upon conclusion of the experiment (72 h illumination with 
5500 lux), according to the method of Arnon
This can be explained by the fact that only a very small 
proportion of the superoxide produced need escape dismu- 
tation for the damage process to assume a more complex 
nature which is then more difficult to control.
These experiments have provided good evidence for the 
actual generation of superoxide in vivo in paraquat treated 
leaves. They also demonstrate that PA-Cu, which is already 
in pharmaceutical use in the nonchelated form'®, might be 
efficacious in the reduction of paraquat poisoning in 
humans.
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